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Abstract
The scale of biodiversity loss facing our planet has prompted many scientists to 
explore the potential consequences for ecosystems, and the goods and services that 
they provide. A favoured approach for investigating such impacts of species loss is to 
experimentally address the result of a reduction in species numbers on multiple 
ecosystem functions. Such studies of biodiversity-ecosystem function (BEF) 
relationships have generated a wealth of knowledge on the consequences of diversity 
loss for a range of ecosystem processes, such as primary productivity, nutrient 
cycling and the stability of communities under environmental change. However, 
virtually nothing is known about the response of soil physical properties to plant 
biodiversity change, which represents a serious gap in our knowledge given the key 
role soil physical structure has in providing an essential medium for plant growth; 
microbial activity; carbon storage; nutrient cycling; water retention; and gas flow.
The potential negative effects of species loss on the degradation of soil physical 
properties could have adverse consequences for a host of ecosystem functions, and 
thus conservation of both biodiversity and soil physical integrity has potential to 
work hand in hand to regulate services essential to our survival. The overarching 
goal of this thesis is to address this gap in our understanding, by investigating the 
impact of shifts in plant biodiversity on a range of soil physical properties.
Grassland plant communities influence soil erosion factors through their rooting 
properties. Plant roots can act to stabilise the soil, create hydrological pathways and 
release organic exudates to benefit soil aggregation. Different grassland species
exhibit contrasting root traits. For example, some species produce vast expanses of 
fine roots, enmeshing the soil and supporting binding mechanisms, whilst other 
species invest in fewer, yet thicker, roots, which create anchorage and aid water flow. 
Grassland communities that encapsulate a large variety of plant species will exhibit a 
wider array of root traits, and therefore have potential for multiple beneficial effects 
on soil stability.
Here, a pot experiment, experimental plot sampling, and a field survey, were 
employed, alongside an extensive review, to investigate the influence of plant 
diversity, and grassland community dynamics, on soil physical properties. Plant 
species richness was found to have strong effects over soil aggregate stability. Plant 
functional group and species identity also impacted on soil strength and hydraulic 
regimes, often with legumes and grasses displaying contrasting behaviour. The 
impact of changes in rooting structure, and their associated inputs to the soil, was 
significant in all of these relationships. This represents the first time such a 
relationship have been revealed at a range of scales, and provide valuable insight 
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1. Literature Review
1.1 Biodiversity-ecosystem function: An introduction
Over the last century, we have witnessed a dramatic reduction in species diversity 
throughout the globe (Millennium Ecosystem Assessment 2005, Rockstrom et al. 
2009). The impact of land use change, invasive species, pollution and climate change 
have all contributed towards significant extinction rates and species loss across all 
ecosystems worldwide (Mack et al. 2000, Stoate et al. 2001, Stevens et. al. 2004, 
Tylianakis et al. 2008). Faced with this dramatic shift in equilibria, ecological research 
has begun to focus on the potential impact this continual species loss will have upon 
ecosystem processes, and ultimately the ecosystem goods and services which we rely 
on. This field of research, prominent since the 1990s, is known as the study of 
biodiversity-ecosystem function (BEF) (Tilman, 1997).
The past 20 years has seen significant advances in our understanding of biodiversity- 
ecosystem function. As primary producers, much of this research has focussed on 
the impact of changes in plant diversity and plant community composition. Higher 
plant species richness has been found to increase aboveground plant productivity 
(Naeem et al. 1996, Cardinale et al. 2001), affect the composition of invertebrate 
communities (Siemann 1998, Haddad et al. 2001), alter carbon storage (Steinbess et al. 
2008, Conti and Diaz 2013), cause shifts in microbial community composition (Spehn 
et al 2000, Eisenhauer et al. 2010), and influence many important components of soil 
nutrient cycling (Hector et al. 2000, Scherer-Lorenzen et al. 2007). It is now becoming 
evident that the promotion of biodiversity can help to maintain ecosystem
18
multifunctionality (Maestre et al. 2012) -  the ability to promote and sustain a wide 
range of vital functions within the environment. Therefore, it is essential that we not 
only continue to research the impact of BEF on an even wider range of ecosystem 
functions, that may have been under-looked until now, but we also attempt to gain 
knowledge of the underlying mechanisms that are involved.
To explain the positive effect of higher plant diversity upon a range of processes, 
there are two ecological concepts that are generally considered (Loreau and Hector 
2001, Fargione et al. 2007). The first is the complementarity effect, whereby a mixed 
community facilitates ecosystem benefits that are greater than the sum of their parts. 
This effect is brought about by niche differentiation and facilitation between species. 
For example, in a high-diversity community, different species may exhibit different 
rooting or nutrient acquisition strategies, strategies that in a monoculture or low- 
diversity community would bring about greater competition. A high-diversity 
community therefore, encompasses a wider variety of plant species, and can thus 
have more efficient resource uptake, which will benefit community performance. The 
second concept behind BEF is known as the sampling effect. This process is based on 
the principal that a high-diversity community is more likely to contain one species, 
or functional group, that dominates the community, and provides a governing effect 
over the functioning of the community. Higher species richness, therefore, increases 
the chance that a dominant species is present the community, thus influencing 
ecosystem function.
A key pathway through which plant communities can impact on soil functioning is 
through the action of plant traits (Bardgett and Wardle 2010). Plant traits are the
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morphological, or physiological, characteristics of individual plant species that 
define an individual's functioning (Lavorel et al. 1997). In many cases, species that 
exhibit similar traits or life strategies can occupy similar functions within a system. 
Therefore, species can be categorised into functional groups, and the presence or 
absence of any species from within a group can potentially account for the functions 
of the group as a whole, giving way to research less concerned with species identity, 
and more interested in the role of particular plant functions on BEF feedbacks. For 
example, the legume functional group has been found to drive impacts on 
productivity (Spehn et al. 2002) or carbon and nitrogen dynamics (De Deyn et al. 
2009, Scherer-Lorenzen 2003), whilst graminoid species within communities have 
been responsible for changes in microbial abundance (De Deyn et al. 2010) or root 
properties (Mommer et al. 2010). The ability to differentiate between the effects of 
species richness, species identity, functional group richness and functional group 
identity presents a challenge for experimental analysis of the BEF relationship.
Advancements in the BEF field are numerous, and we have recently seen several 
large meta-analyses detailing the overall state of the research, often highlighting the 
positive effects of higher plant diversity on a wide array of ecosystem processes 
(Isbell et al. 2011, Cardinale et al. 2012, Allen et al. 2013). These meta-analyses do, 
however, reveal that studies exploring impacts of plant diversity on belowground 
processes have largely focused on biological and biochemical properties of soil, 
rather than on the soil physical environment. In fact, virtually nothing is known of 
the consequences of plant biodiversity shifts on soil physical properties. This is 
surprising, given the fundamental importance of soil structure for ecosystem
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functioning; not only does it provide space for soil organisms and plant roots to 
grow, but it also regulates the movement of water, nutrients and gases through soil. 
Having been under-looked in BEF studies, the mechanisms behind the potential 
impact of plant diversity on soil physical structure will now be discussed in this 
review.
1.2 Soil physical properties: functions and threats
The breakdown of soil structure is a global concern, not only causing the loss of 
fertile topsoil from the landscape (Lai 1998, Lai 2001), but also contributing toward 
many other detrimental impacts on the environment. Soil erosion can mobilise 
nutrients from fields into waterways (Carpenter et al. 1998, Quinton et al. 2001), 
intensifying diffuse pollution (Sharpley et al. 1992, Miller et al. 2009, Ekholm and 
Lehtoranta 2012). Sedimentation of rivers can reduce hydraulic potential, 
contributing to flooding. Carbon, once stored in the soil reservoir, can be mobilised 
and transported throughout the environment (Lai 2003, Jacinthe et al. 2004, Quinton 
et al. 2010). Soil failure can occur on large scales, even inducing landslides which 
cause disruption to infrastructure, and pose a hazard to human life (Montrasio et al. 
2012). In the past, widespread soil erosion has led to economic disaster, such as in the 
American dustbowl or the Russian steppes (Baveye et al. 2011). With a growing 
global population, and a risk of food shortages in years to come, the importance of 
soil research, and the way we manage the land to regulate soil physical structure, is 
more vital now than ever.
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Soil physical properties comprise the fundamental structure of soil, and are crucial in 
regulating many of the essential functions that soil provides. Physical properties 
allow soil to play a central role in water dynamics within the environment (Hillel 
1998): influencing runoff and flooding, nutrient transport, and water provisioning 
belowground. The interconnectivity of soil pores affects soil gas regimes, allowing 
oxygen flow to belowground biota, and greenhouse gas release from soil respiration 
(Delahaye and Alonso 2002). Soil's physical structure is also vital for food 
production, providing a habitat for plant, microbial, and animal life (Bardgett 2005), 
which in turn drives nutrient cycling and carbon storage (Six et al. 2002, van der 
Heijden et al. 2008). Along with all of these essential services that soil structure 
provides, soil also acts as the physical and structural platform for humans to build 
upon.
The degradation of soil physical structure constitutes a significant threat to this 
crucial role that soil plays in ecosystem functioning. In the UK, and throughout much 
of the world, water acts as a major eroding agent of soils (Morgan 2005). The 
relationship between soil and water is complex, and relies on intricate feedbacks 
between the two mediums. Before I discuss some of the mechanisms through which 
water breaks down soil structure, I must first mention how soil structure can 
determine this behaviour of water flow through the landscape. The saturated 
hydraulic conductivity of a soil is an important physical property, and represents the 
capacity for a saturated soil body to transmit water across a hydraulic gradient 
(Kutilek and Nielson 1994). This rate of flow in turn affects water infiltration into the 
soil, and therefore regulates how much water can get into the soil subsurface, and
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how much water remains on the surface. It is here at the soil surface that subsequent 
flow of water downslope, known as overland flow, poses a serious threat to soil 
structure. Overland flow can entrain and transport sediments and nutrients, 
depositing far away from their source, often into waterways (Novotny 1999).
Although the hydrological cycle can significantly influence rates of soil erosion, it is 
the intrinsic soil physical, biological, and chemical, properties that determine the 
erodibility of the soil -  how susceptible the soil is to removal by water. Raindrop 
impact, rapid flooding, and rising water tables all exert pressure on soil structural 
integrity, and soil aggregates respond to these forces of water by breaking down, and 
losing finer particles (Quinton et al. 2001). Therefore, good maintenance of soil 
aggregates can help to withstand structural breakdown and sediment losses. In 
addition to aggregate breakdown, soil water can fill pore space between aggregates, 
creating internal forces that may reduce soil cohesion and strength, forcing soil apart, 
contributing to structural failure (Gray and Sotir 1996).
With regard to the significance of soil physical degradation as a global issue, and the 
aforementioned declines in biodiversity we face, the remainder of this review 
considers the impact of plants on soil physical structure, and the potential for plant 
diversity to govern these dynamics.
1.3 The influence of plants on soil physical properties
The activity of plants, their associated microbial communities, and their organic 
matter input belowground, contribute to the formation and maintenance of soil
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physical structure. Here, we discuss the influence of this biotic activity on the 
formation of a stable soil structure, from the micro to the landscape scale.
1.3.1 Soil texture
The basic mineral composition of soil is that of clay, silt and sand particles. Clay 
particles constitute the finest soil fraction, having a size of no greater than 2pm 
(Hillel et al. 1998). Because of their platy shape and high specific surface area, clay 
particles exhibit a charged surface, allowing a capacity for ion exchange that serves a 
crucial role for nutrient and contaminant behaviour in soils. Silt occupies the size 
fraction 2-63 p m , and has less specific surface area than clay. Sand is the largest of 
the soil fractions, incorporating anything larger than silt, up to 2 mm (Hillel et al. 
1998). Sand particles have low specific surface area, and therefore no charged 
properties, and often vary widely in size and shape. These three soil fractions 
provide the intrinsic make-up for soil, and the relative proportions of each of these 
fractions within a soil will define a soil's behaviour and functioning.
Sand, silt and clay are mineral, and are a consequence of the parent material and
weathering processes that a soil has been subjected to. Although over time plant
contributions to soil chemical weathering agents can indirectly induce mineral
weathering (Kelly et al. 1998), there is not much direct potential for plants to impact
on the intrinsic mineral composition of soil. There is, however, much potential for
plant activity to directly influence the way these mineral fractions consolidate and
bind together, contributing to the fundamentals of soil structure. At this stage, we
must mention one further key component of soil structure: the organic soil fraction.
The organic matter in a soil comprises decomposed plant residues, and interacts with
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the mineral soil fractions, acting as a binding agent to help develop the next level of 
soil structural formation to be discussed- soil aggregates.
1.3.2 Soil aggregation
Aggregate formation in soils is a hierarchical process, whereby smaller physical units 
bind together to form larger units across a range of scales (Oades and Waters 1991). 
At the nanometre scale, clay particles can flocculate and coagulate together, initiating 
the formation of larger structures. At around the hundred micron range, 
microaggregates can form when these clay structures consolidate with silt and sand 
particles. These microaggregates can then bind together to form millimetre-sized 
macroaggregates. Even after macroaggregate formation, aggregation can occur at 
larger scales. Aside from some aluminosilicate binding of clays at the nano-metre 
scale, the importance of roots, microbial, and organic residue activity is prominent at 
all stages of aggregation.
Root growth can entrain and enmesh soil particles, encouraging the formation of 
stable aggregates (Miller and Jastrow, 1990). Root penetration will re-orientate soil 
particles, forcing smaller particles together to form more stable microaggregates, 
whilst also breaking apart, and increasing the friability of, less-stable 
macroaggregates (Six et al. 2004, Gyssels et al. 2005). The cementation effects of 
mucilage and organic acids from root exudates act to bind the smaller aggregates 
into larger ones (Morel et al. 1991, Traore et al. 2000), an effect often altered by the 
type of vegetation aboveground (Pojasok and Kay 1990, Degens et al. 1994).
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Root growth also encourages microbial activity in soil, which in turn has significant 
impacts on soil aggregation, particularly the behaviour of AM fungi. Fungal hyphae 
can extend into the soil matrix and act to stabilise aggregates (Oades and Waters 
1991, Degens 1997, Ritz and Young 2004), whilst fungal extracellular polymeric 
substances can contribute to the cementation of aggregates (Meadows et al. 1994, 
Tisdall 1994). One of the key contributions that AM fungi make to aggregation is 
through the glue-like extracellular compound glomalin. Glomalin is deposited in soil 
through the degradation of mycorrhizal hyphae, and aids aggregate binding (Wright 
and Upadhyaya 1998, Rillig et al. 2002, Driver et al. 2005). Studies on the effects 
bacterial and fungal assemblages on soil stability have found positive relationships 
between bacterial biomass and total hyphae lengths on soil aggregation respectively 
(Tisdall and Oades 1979, Tisdall 1991, Meadows et al. 1994, Edgerton et al. 1995). In 
addition to aggregate formation, roots and microbes can also alter the way in which 
aggregates breakdown, by exudating hydrophobic compounds. When adhering to 
aggregate surfaces, these hydrophobic compounds influence the wetting rate of soil 
aggregates, leading to changes in the way in which water can disrupt soil structure 
(Czarnes et al. 2000, Hallett 2007).
Through these actions of roots and microbial associations, plants hold a governing 
role over soil aggregation. These mechanisms contribute to one soil physical property 
that has significant implications for soil erosion and degradation processes -  soil 
aggregate stability. In the UK, and much of Europe, water acts as a powerful eroding 
agent of soils. Aggregate stability represents the capacity for soil aggregates to 
withstand these erosive forces, of which there are a number: (i) slaking, brought
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about by flooding and rapid wetting of dry soils, can cause the release of entrapped 
air within a soil aggregate to disrupt its structure; (ii) microcracking, as a result of a 
gradual rise in the water table below ground, may encourage differential swelling 
and disturbance across an aggregate structure; whilst (iii) direct raindrop impact can 
cause aggregates to breakdown under the mechanical stresses of impact, particularly 
during intense storm events (Caron et al. 1996, Le Bissonais 1996, Nearing 1997). Soil 
exhibiting good aggregate stability can maintain pore space, influence water flow, 
and prevent loss of soil and nutrients into waterways; hence this parameter 
represents a good indicator for soil physical stability (Le Bissonais 1996, Barthes et al. 
2002, Six et al. 2004).
1.3.3 Bulk density
A larger structure can build up around the arrangement of these soil aggregates, 
forming a complex framework of clay, silt, sand, gravel, aggregates and humic 
substances. This arrangement and structure influences the soil bulk density, and 
holds an inverse relationship to the porosity, or pore space, within the soil. Through 
this intricate pore network, bulk density relates to the amount of air and water than 
can be stored within a soil, and thus has a substantial impact on many essential soil 
functions. A lack of aeration or water supply, as a result of insufficient porosity, will 
hinder biological activity. In addition, very dense soils can prevent root 
development, whilst soils with a very low bulk density may lose topsoil cohesion 
and be susceptible to water or wind erosion (Whalley et al. 1995, Goodman and 
Ennos 1999). Not only does bulk density, and porosity, rely on the stability of 
organically-bound aggregates to form a stable structure, it is also affected by rooting
activity belowground. Roots play a major role in the development of soil porosity, 
which will be discussed in terms of soil water flow in the next section.
Antrhopogenic use of the land will also have an effect on bulk density. Intensification 
of grassland systems, in order to maximise yield, often involves denser stocking 
rates, and greater fertilisation rates. This increased trampling and machinery usage 
compacts the soil, which in turn reduces pore space and increases bulk density 
(Greenwood and Mckenzie 2001, Zhou et al. 2010).
1.3.4 Soil water flow
The nature, size and interconnectivity of the pores belowground will influence one 
vitally important property: the hydraulic conductivity of a soil (Beven and Germann 
1982). Poor hydraulic conductivity can cause excess surface runoff; leading to 
erosion, flooding and river pollution. In relation to soil hydrology, plant root 
characteristics are complex and can either work to aid or impede water flow through 
soil (Powis et al. 2003, Macleod et al. 2013). Thick, tap rooted systems can provide a 
vertical platform to benefit water flow through the soil (Morgan et al. 1995), whilst 
expansive finer rooting behaviour may exploit and block pore space, allowing less 
water flow (Edwards et al. 1997). Along with this impact of living roots, the death 
and senescence of belowground biomass can create a legacy of hydraulically effective 
channels throughout the soil (Barley 1954, Schaffer et al. 2008).
Alongside roots, microbial activity can also influence soil water properties. Re­
orientation of clay particles at the soil-microbe interface can be caused by extending 
fungal hyphae (Tisdall 1991, Ritz and Young 2004) or by the negatively-charged
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exudates of bacteria (Falchini et al. 1996) which will influence the effective porosity 
of the soil and thus the internal water flow regime. Microbial secretions may also 
affect water flow regimes, for example melanin from fungi, or bacterial extra-cellular 
polysaccharides (Ritz and Young 2004), both of which can cause pore clogging in 
moist conditions and become hydrophobic in dry conditions (Morales et al. 2010). 
These hydrophobic-induced changes in soil induce preferential flow of water (Lin 
2010, Morales et al. 2010) and thus create uneven wetting fronts of the subsurface, 
and reduce the water-holding capacity of the soil (Jeffery et al. 2010).
1.3.5 Root reinforcement of soil strength
The complex interaction between roots, pores, aggregates and water contribute to a 
further soil physical property: soil strength. Operating at the slope or landscape 
scale, soil strength properties control plant growth (Masle and Passioura 1987), mass 
movement (Waldron 1977, Clark and Howell 1992) and the erosive nature of a soil 
(Al-Durrah and Bradford 1982a,b, Tengbeh 1989, Mouzai and Bouhadef 2011). Like 
the other physical properties discussed, root traits can play a key role in defining soil 
strength, increasing soil cohesion (Mamo and Bubenzer 2001a, b), although the 
relationship is again complex (Coppin and Richards 1990). Thick rooting species will 
provide anchorage, potentially preventing landslips and preserving structure across 
shear planes (Abdullah et al. 2011). In contrast to this, finer rooting species can 
develop a vast expansive array of roots in the topsoil, known as matting, which 
creates greater cohesion near the soil surface (Tobias 1994). Both the thick rooting 
anchorage, and the finer rooting cohesion are desirable traits for increasing soil 
strength. Root traits also behave differently in their internal tensile strength;
numerous narrow roots can exhibit greater tensile strength than fewer larger roots, 
resulting in varying contributions from different species to the strength of the root- 
soil matrix (De Baets et al. 2008, Loades et al. 2010).
1.3.6 Aboveground protection of the soil surface
As mentioned previously, one of the major agents contributing to soil erosion in 
much of Europe is rainfall impact on the soil surface (Morgan et al. 1995). The 
provisioning of good canopy cover by plant growth can, therefore, help topsoil 
conservation. Acting as a protective layer against rainsplash, an increased canopy 
cover has often shown reductions in surface runoff and sediment loss (Quinton et al. 
1997, Casermeiro et al. 2004, Puigdefabregas 2005, Bautista et al. 2007, Merz et al. 
2009, Martin et al. 2010). Above-ground vegetation also has a role to play in reducing 
overland flow velocity, through the presence of stem structures at the soil surface, 
thus allowing more time for water to infiltrate into the soil (Kouwen and Li 1980, 
Kouwen 1988, Ligdi and Morgan 1995). This creates less potential for soil and 
nutrient mobilisation and runoff.
1.4 Mechanisms for plant diversity to impact on soil physical properties
BEF studies have yet to fully explore how shifts in plant diversity could impact on 
soil physical properties. However, as discussed, soil physical properties are 
maintained by rooting activity, microbial associations, and organic input to soils; all 
of which are biological components known by past BEF research to be influenced by 
changes in plant diversity. Therefore, this review will now suggest potential for soil
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physical properties to be influenced by changes in plant diversity, through some of 
these mechanisms.
1.4.1 Influence through root properties
Plant species differ in the root traits they exhibit, and because of this plant 
community root properties often respond to changes in plant diversity. Fast growing 
species (predominantly from high-nutrient, or disturbed environments) tend to have 
low-density tissue, expansive rooting, and are adapted for rapid nutrient uptake. 
Slow-growing species (predominantly from low-nutrient, or undisturbed 
environments) display higher-density tissue for mechanical protection, and less 
expansive rooting strategies (Craine et al. 2001, Hummel et al. 2007). The difference 
between species' root traits suggests that when grown in mixed assemblages, 
communities could exhibit a wide array of root characteristics, altering the overall 
belowground structure of the soil. In addition to this, one of the ways plants are 
thought to co-exist in multi-species mixtures is through vertical root niche 
differentiation, whereby different species exploit different areas of soil space, and 
thus different sources of water and nutrients, through contrasting root architecture 
(Berendse 1979, Berendse 1982). This results in a more even filling of soil space by the 
roots (Brisson and Reynolds 1994, McLaren et al. 2004, Stokes et al. 2009). In search of 
resources, root spatial arrangement in competitive environments can also lead to 
shifts in belowground structure depending on the composition of plant communities. 
Plant roots can proliferate toward nutrient-rich, or competitor-poor, patches of soil 
(Robinson et al. 1999, Smilauerova 2001), creating local increases in root biomass, in 
otherwise sparse soil (Fransen et al. 1998). Plants can also allocate more biomass to
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fine roots in order to increase the specific surface area, and thus increase nutrient 
uptake, in the presence of competition (Mommer et al. 2011). Therefore, any 
community that imposes competitive conditions, i.e. monocultures whereby all 
individuals seek the same form of resource, will thus alter the physical arrangement 
of the root system within the soil. These changes to root properties, brought about by 
shifts in plant community composition, have potential to influence soil physical 
structure.
The first potential mechanism of plant diversity influencing soil physical structure is 
through increased biomass production belowground. The mass, and length, of roots 
provides a significant contribution to the maintenance of the soil physical properties 
discussed earlier. Increased root mass will: allow greater microbial biomass and 
organic exudation, helping to glue aggregates; provide more influence over pore 
generation, reducing bulk density and creating hydraulically effective pathways; 
help to anchor the soil, and reinforce the soil shear strength. Increased root length 
will allow more expansive coverage belowground, leading to a greater extent from 
which these mechanisms can benefit soil physical properties. Higher plant diversity 
has the capacity to increase these root properties belowground (Reich et al. 2004, 
Mueller et al. 2013), and thus has potential to benefit soil physical properties.
Higher plant diversity may not just impact on soil physical properties through 
increased production belowground, but could also have an effect by exhibiting a 
wider array of influential root traits within a mixed community. Fine rooting species 
can exhibit high decomposition rates, exploit soil pores, and show great expansion 
belowground. Thicker rooting species may decompose slower, encourage deeper
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water penetration, and exhibit high tensile strength for root anchorage of soil 
strength. With a more functionally diverse plant community, a larger variety of root 
traits can be expected (McLaren et al. 2004, Stokes et al. 2009, Pohl et al. 2011), which 
in turn could heighten the degree of soil structural formation, by applying several of 
these different beneficial effects (Fattet et al. 2011), although this relationship remains 
yet unexplored.
1.4.2 Influence through microbial communities and organic residue
The size and structure of microbial communities belowground will greatly affect soil 
physical processes, in particular the formation of stable aggregates. Some studies 
have shown that greater plant diversity can lead to larger microbial assemblages 
belowground, and also promote more AM fungal growth, which have a particularly 
notable effect. This may, however, be due to the indirect influences from increased 
plant productivity (De Deyn et al. 2009), which has been found to correlate positively 
with total microbial biomass (Bardgett et al. 1999). The presence of certain plant 
species in a community, for example legumes, rather than increased diversity itself, 
may also be more important at determining microbial biomass (Hedlund et al. 2003). 
Along with microbial biomass, microbial community composition can also change in 
response to plant community composition (Bardgett 2005). Shifts in bacterial- to 
fungal-dominated microbial communities have been seen across land management 
gradients with different plant species compositions (Bardgett and McAlister 1999), 
and microbial composition can respond to the quality of plant input to the soil (De 
Deyn et al. 2011). Because of their influential role in determining soil aggregation and
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soil hydrophobicity, any changes to microbial communities, as a result of shifts in 
plant species richness, could have the potential to significantly change soil structure.
1.4.3 Influence through aboveground properties
Aboveground plant productivity is often shown to increase in higher diversity 
assemblages (Marquad et al. 2009, Cardinale et al. 2012). This will no doubt have 
positive consequences for soil protection, providing more canopy to intercept the 
potentially harmful erosive energy of raindrops. Along with increased abundance, 
greater diversity may also benefit soil protection by exhibiting a wider variety of 
aboveground structures, acting to intercept rainfall at different canopy heights.
1.5 Measuring biodiversity-ecosystem function
Since the development of the biodiversity-ecosystem function as a central theme in 
ecology, a wide range of experimental studies have been carried out (Cardinale et al. 
2012). These studies often involve the manipulation of plant communities to assess 
the impacts on a variety of ecosystem properties, and are usually conducted at a 
range of spatial scales, from the laboratory to the field.
Laboratory studies consist of plant growth in controlled environments, often 
investigating the influence of single species in comparison to multi-species plant 
communities. The tightly controlled nature of these studies allows us to single out 
the effects of single species plant functions, and their contributions in plant mixtures. 
There are some drawbacks, however, to laboratory studies. The controlled nature
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allows no environmental context for the relationships studied, and the time period is 
often too short (weeks or months) to allow multi-trophic investigations.
The next spatial scale up in BEF studies generally allows the incorporation of some 
environmental fluctuations. These experiments are often conducted outdoors in 
mesocosms, or on experimental plots, and involve the manipulation of plant 
communities exposed to natural variations in rainfall, temperature, light, and native 
biota (Roscher et al. 2004). By trading off the tightly controlled nature of laboratory 
growth studies, these experiments can allow the establishment of larger plant 
communities, and monitoring over greater timescales. Over the past few decades, 
mesocosm studies have provided us with valued insight into BEF feedbacks (Emery 
and Goss 2007, De Deyn et al. 2009, Harrison and Bardgett 2010), whilst large scale 
experimental plots have been established to allow exploration of these relationships 
at greater temporal scales (Tilman et al. 1996, Roscher et al. 2004).
Although laboratory, mesocosm, and experimental plot studies are an essential part 
of BEF investigation, it is also important that we explore the subject in a true 
environmental context. Studying BEF processes in natural systems, from fields to 
forests, can reveal whether these relationships hold true in the real world (Troumbis 
and Memtsas 2000, Pohl et al. 2009). However, with no or very little experimental 
control over natural systems, these studies are often correlative, and can rarely 
separate cause from effect.
It is clear that as the spatial scale increases, from laboratory to natural systems, we 
gain valued environmental context, at the expense of precision and control over 
studied mechanisms. Therefore, the most effective way of investigating BEF is for a
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project to incorporate complementary studies at all experimental levels, 
encompassing the benefits of each.
1.5.1 Grasslands as a study site
Often when measuring ecosystem responses to plant biodiversity, temperate 
grasslands provide a suitable model system. Grasslands cover large areas of the UK, 
occupying 65 % of total UK agricultural area (Humphreys et al. 2006), and much of 
the rest of the world, making up an essential component of global agricultural 
production (FAO 2014). We rely on them for a number of ecosystem services: from 
the provisioning of food, fibre, and fodder; to the regulatory role they play in 
biodiversity conservation, water quality management and erosion prevention. Since 
the Second World War, farming practices on these lands have seen intensification by 
means of new machinery and fertiliser production, leading to negative impacts on 
biological diversity (Pilgrim et al. 2010), resulting in grasslands receiving much 
interest from ecologists. Grasslands have been the focus of many BEF studies in 
relation to productivity (Hector et al. 1999, Spehn et al. 2005, Weigelt et al. 2009), 
carbon storage (De Deyn et al. 2009), nutrient cycling (Scherer-Lorenzen et al. 2003, 
Spehn et al. 2005), and land management intensity (Bardgett et al. 1996, Yeates et al. 
1997). However, grassland BEF studies have rarely been investigated for soil physical 
responses.
Grasslands provide year-round vegetation cover, contributing toward canopy 
protection against soil erosion. As a result, they are not often subjected to the visually 
dramatic erosive events, such as gullying or rill erosion, that are commonplace in 
arable systems (Haygarth et el. 2006). Consequently, until recently grasslands have
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received much less attention in the soil erosion literature in the UK (Haygarth et al. 
2006, Bilotta et al. 2008). This does not go to say that erosion from grasslands does 
not pose a significant threat to ecosystem functioning. In fact, the reality is far from it. 
Grasslands tend to occupy areas less suitable for arable crops: those of higher 
rainfall, and steeper topography —two factors that pose risks of greater overland 
flow, sediment entrainment and flooding. They also may be subjected to high 
nutrient input: both from fertiliser and livestock manure; and have relatively higher 
organic carbon content in comparison to arable soils. With a high nutrient input to 
the system, even relatively small levels of sediment loss, regarding the finer fractions 
of soil, has the potential to mobilise nutrients from the field and transport into water 
systems (Quinton et al. 2001, Haygarth et al. 2006). With these factors in mind, it is 
clear that a better understanding of physical stability and hydrological pathways in 
grasslands is needed. Because of the substantial vegetation cover providing adequate 
surface protection to the soil, we suggest that the key processes of interest will occur 
belowground, through the actions of plant roots.
1.6 Thesis aims and objectives
This project aims to address one of the gaps in our understanding of biodiversity- 
ecosystem function, by investigating the influence of grassland plant diversity on soil 
physical properties. In doing so, we will look at the role that belowground plant, 
microbial, and organic properties play in this relationship. The hypothesis is that 
increased biodiversity will have positive effects on a range of soil physical properties, 
not only as a direct effect on soil physical properties, but also through influencing
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both the size, and composition of root and microbial properties belowground. Table 
1:1 highlights the range of potential mechanisms, by which increased biodiversity 
could impact on soil physical properties, which we intend to explore. In addition to 
revealing the impact of diversity on soil physical properties, we also have two 
secondary aims, to contribute further to our understanding of: (i) plant species 
richness impacts on root properties; and (ii) soil physical degradation in grasslands.
Table 1.1: Potential mechanisms for biodiversity effect on soil physical properties
Soil Physical Property Biological factors that 
contribute to physical property
Effect of higher 




Aggregate Stability increased root length
........ .......... .. r
+ 3, 4 ,5
increased root mass +
organic content of soil +
size of microbial community +
composition of microbial community +
increased glomalin content of soil ?
Bulk Density increased root length + 5
increased root mass +
organic content of soil +
Soil Hydrology increased root length + 3 ,5
increased root mass +
organic content of soil +
Soil Strength increased root length + 2 ,3
increased root mass +
wider array of rooting depths +
Canopy Protection increased aboveground biomass + 3
wider array of aboveground structures +
The range of soil physical properties explored in this project, details of some of the biological pathways 
which influence these physical properties, and evidence from past studies for the potential of biodiversity to 
im pact on these biological pathways. + indicates a positive effect of biodiversity, ? Indicates an unexplored 
effect of biodiversity.
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This thesis sets out to develop an understanding at both a mechanistic level, and in 
terms of wider environmental context. From a tightly controlled mesocosm study, to 
sampling from an experimental plot, to field observations, it will study the 
relationship with a set of complementary experiments at a range of scales. The thesis 
consists of three experimental chapters designed to address the following objectives:
(i) To experimentally determine the importance of plant species richness, 
species identity, functional group richness, and functional group identity, 
and the role of belowground plant traits, in controlling soil physical 
properties in a model grassland community (Chapter 3).
(ii) To test this relationship further at a long term plant manipulation field 
experiment (Chapter 4).
(iii) To determine, at the landscape scale, the importance of plant diversity 
and root trait impacts on certain soil physical properties, and the 
influence that land management may have on these processes (Chapter 5).
In order to address objective (i), further investigation was needed to develop a 
suitable methodology. As such, the thesis also includes one review and 
methodological chapter complementary to chapter 3:
(iv) To review soil strength testing methods, and to develop a testing device 
in order to measure the rooting contributions of different diversity 
treatments to soil strength (Chapter 2).
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2. Measurement of biodiversity impacts on soil shear strength: reviewing and
developing a methodology
2.1 Introduction
This thesis examines the influence of plant diversity on soil physical structure. With 
soil shear strength relying on the different rooting strategies and traits beneath a 
plant community, one of the aims of the project is to investigate the role of diversity 
in determining soil shear strength. Chapter 3 details a mesocosm experiment in 
which plant community composition was manipulated in order to reveal biodiversity 
impacts on a range of soil physical properties, of which shear strength was one. 
However, before going about this, the ways in which soil shear strength can be 
measured first had to be examined, and a best method for determining the strength 
contributions of mixed diversity plant communities must be evaluated. This chapter 
reviews the equipment, methods and eventual output past studies have used to 
determine root reinforcement of soil strength. It then details the development of a 
device and methodology to test the root reinforcement for the mesocosm experiment 
in Chapter 3.
Soil shear strength is an important physical property, and determines the maximum
amount of stress a body of soil can withstand before structural failure. At the
landscape scale, stress can come from increased loading on the soil, such as rapid
water saturation in storm events. Poor maintenance of soil strength can impact on a
number of ecosystem functions; leading to reductions in plant growth (Masle and
Passioura 1987), mass movement and landslips (Waldron 1977, Clark and Howell
1992) and a greater susceptibility for soils to erode (Al-Durrah and Bradford 1982a,b,
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Tengbeh 1989, Mouzai and Bouhadef 2011). Therefore, it is crucial for us to explore 
the many ways soil strength can be reinforced, and how best it can be managed for 
the maintenance of ecosystem services.
Plant roots can significantly increase soil shear strength, a process often referred to as 
root reinforcement (Waldron and Dakessian 1982, Tengbeh 1993, Mickovski et al. 
2009). This comes from the ability of roots to bind soil particles together, and provide 
relief of local stress by transferring forces to areas of lower stress in the soil-root 
matrix. This capacity to reinforce is influenced by root traits: length, density, tensile 
strength, morphology and orientation (Coppin and Richards 1990, Stokes et al. 2009, 
Loades et al. 2010). Because these variations in root traits alter the strength properties 
of a soil, it is therefore not surprising that plant species behave differently in terms of 
their root reinforcement of soil shear strength. Fine rooted grasses that create dense 
root matting can greatly increase cohesion near the soil surface (Tobias 1994). Deeper 
rooting herbaceous species can form long taproots that provide deep anchorage 
against soil disturbance (Abdullah et al. 2011). Root systems with more complex 
morphological patterns have been found more efficient at soil reinforcement (Zhang 
et al. 2010). Given that soil strength at any vegetated site is influenced by the root 
properties of the plants that are present, we suggest that the variety of root traits 
exhibited beneath a mixed diversity plant community will be an important factor in 
determining the degree of root reinforcement to soil strength.
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2.2 Measurement of soil shear strength: A review
Soil strength is dependent on two intrinsic soil properties: cohesion and the angle of 
internal friction (Gray and Sortir, 1996). Cohesion embodies the particulate binding 
mechanisms within soils, whereas the angle of internal friction represents the angle 
at which soil particles will slip and cause failure. The relationship between shear 
strength, cohesion and internal friction can be derived from the Mohr-Coulomb 
equation:
x = c + cr tan(f),
where t  is the shear strength, c the cohesion, cr is the applied normal stress to the 
failure plane, and $ is the angle of internal friction.
By establishing themselves in the soil, plant roots can become incorporated into a 
new soil-root matrix, which in turn will benefit cohesion, resulting in greater shear 
strength (Tobias 1994, Operstein and Fryman 2000, Huat et al. 2005, Norris 2006). In 
the majority of studies, the increase in soil cohesion from roots has not been 
associated with any change in the angle of internal friction of the soil (Norris 2006,
Ali and Osman 2008, Abdullah et al. 2011). The angle of internal friction is thought 
not to increase because as roots grow, the force created by the roots increases greatly, 
whilst any gains in the root-soil contact area are very small in comparison, resulting 
in no significant change in the angle of internal friction (Yan et al. 2010). Because of 
this, the additional cohesion provided by roots has often been incorporated into the 
Mohr-Coulomb relationship:
x = (c + C r)  + cr tan<f>,
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where the new cohesive factor, cr, represents the additional cohesion provided to the 
soil matrix by the roots, whilst internal friction parameters remain unchanged. These 
principles form the basis for laboratory measurement of soil shear strength.
2.2.2 Equipment
A number of laboratory and field apparatus are employed to directly determine soil 
shear strength. These methods are known as direct shear test methods, as opposed to 
modelling approaches, or inferring shear properties from other traits. Shear strength 
can be measured directly using a shearbox, which can either be used in a laboratory, 
or adapted to be used in situ (BS 5930:1999). A laboratory shearbox is a well suited 
device for geotechnical investigations, measuring the shear strength of multiple 
small samples of disturbed soil, either drained or under full saturation. However, a 
key requirement in order to study the contribution of root reinforcement to soil 
strength is that the soil remains undisturbed, in the natural state as found in the 
environment. Although conventional laboratory shearboxes have measured the 
impact of roots on soil strength (Genet et al. 2010, Jiao et al. 2010), reconstituting soils 
in order to put in the shearbox can remove the natural strengthening effect of roots 
(Fattet et al. 2011). In addition, the size of a conventional shearbox may limit the hoe 
representative a rooted soil sample may be. Because the standard laboratory method 
involves disturbing the soil samples, it has led many authors studying root effects on 
soil strength to design their own adaptations to the conventional laboratory shearbox 
(Norris and Greenwood 2000), designs that allow more realistic estimates of the root 
reinforcement to soil strength.
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Aside from shearboxes, hand held devices such as shear vanes and torvanes are often 
used to measure the shear strength of an exposed soil surface in the field. However, 
these devices only determine results from a very small area of soil, and the presence 
of roots in these measurements can cause misleading results, often measuring the 
strength of the root structure alone (De Baets et al. 2008). Models of root 
reinforcement have also been developed in order to predict the strength of a soil 
based on root measurements (Waldron 1977, Wu et al. 1979). Despite the 
effectiveness of such models, they have sometimes been found to overestimate the 
additional cohesion provided by roots, and may be better suited to studying single 
species, rather than mixed community, impacts (Norris 2006, Comino et al. 2010). 
With these limitations in shear vane/torvane measurements and modelling, we 
decided to employ direct shear measurements, such as those of the shear box for our 
experiment.
2.2.2 Methodologies
The basic working principle of a shearbox involves the movement of an upper layer 
of soil relative to a stationary layer of soil beneath, under the action of a steadily 
increasing horizontal shearing force (Head 1980). The horizontal plane between the 
two soil layers, where the shearing force is acting upon, is known as the shear plane. 
The normal stress, a, or the load acting downwards upon the soil body, remains 
constant throughout the test (Fig 2.3a). A conventional laboratory shearbox has 
dimensions of 60 x 60 mm, with field samples often disturbed and remoulded before 
inserting into the device in the laboratory. This remoulding process evidently creates 
disruption, and is therefore an unsuitable testing environment for rooted soils.
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Although less conventional, shearbox studies on vegetated soil samples have been 
carried out on grass, shrub and tree roots (Terwilliger and Waldron 1990, Comino 
and Druetta 2010, Genet et al. 2010), both in the field, and in the laboratory on 
undisturbed samples (Lawrance et al. 1996, Ali and Osman 2008). The shearbox 
designs for testing rooted soil may vary, however the basic principles adopted are 
the same as for those of conventional laboratory shear boxes for testing non-rooted 
soil. Many use larger shear plane dimensions than those of conventional shearboxes, 
as larger samples contain whole community root systems rather than single species 
and will accommodate sufficient root length (Terwilliger and Waldron 1990), and 
have more natural ratios of root to soil area (Tobias 1994). Fully saturating the soil 
before shearing provides uniform pore water pressure and simulates failure 
conditions under heavy rainfall (Waldron 1977), however many field studies have 
opted to shear at in situ moisture conditions (Norris 2006, Comino et al. 2010). Some 
examples ex situ have involved growing plants, or inserting undisturbed field cores, 
into adapted pots with a pre-determined shear plane (Waldron 1977). In these cases, 
the entire growing container is used as a shearbox. Field studies generally require the 
excavation of a trench around a column of soil, and then placing and operating a 
field shear box around the exposed column in situ (Chandler et al. 1981). In these 
cases, the shear plane is that at the base of the exposed soil column. For further 
details on in situ shearboxes, see Norris and Greenwood (2000) who provide a 
comprehensive review paper on the subject.
2.2.3 Recording and reporting shear strength measurements
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With conventional laboratory shearboxes on non-rooted soil, the testing process is 
carried out until the horizontal shearing stress exceeds the soil shear strength, 
causing the soil to fail. At failure, the constant normal force and the horizontal 
shearing force can be recorded. Multiple tests can be carried out on the same soil 
type, by applying different normal loads each time. If the results of these multiple 
tests are plotted, it can create a straight line graph, such as in figure 2.1, and the 
Mohr-Coulomb relationship can be used to determine values for cohesion (c) and 
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Figure2.1 Example Mohr-Coulomb relationship given by conventional laboratory 
shearboxes. Repeat measures of stress at failure are plotted in order to derive 
cohesion (c) and angle of internal friction (cj)) of a soil.
Unlike conventional laboratory shearboxes, which measure the point of soil failure 
under a series of normal loads, adapted shearboxes for rooted soil do not see a true 
point of failure, and instead measure the gradual displacement moved by the soil. 
Instead of measuring normal stress and shear stress at the point of failure, and
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repeating such measurements on reconstituted soils, root reinforcement studies 
usually plot the shear stress against the horizontal displacement moved by the soil in 
a continual measurement, thus creating a force-displacement graph, as in figure 2.2. 
Parameters from this force-displacement graph can be interpreted, such as the peak 
force exhibited, or the force exhibited after a given distance of displacement, which 
can then be used to compare treatments of rooted soils with one another. For our 
project on rooted soils, we will employ these force-displacement graphs (Fig 2.2) for 
interpretation of results, rather than determining c and <£> from the Mohr-Coulomb 








Figure 2.2: Example Force-Displacement graph from the output of measuring root 
reinforcement on soil strength. Often, the strength rises to a peak, followed by 
returning to a residual strength measurement.
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2.3 Development of a custom-made device to test root reinforcement of soil 
strength
2.3.1 Equipment
Having reviewed both conventional, and adapted, laboratory shearboxes for 
measuring shear strength of root-permeated soil, I established specifications for a 
custom-made direct shear testing device for measuring the influence of plant 
diversity on the root reinforcement of soil in a mesocosm experiment. Table 2.1 
shows design specifications and details for such a device, drawing insight from both 
field and adapted laboratory shearbox designs of previous studies. With these 
specifications in mind, a design for a direct shear testing rig was developed, and 
manufactured, by A. E. Huddleston Ltd, Quernmore (Fig 2.3).
Table 2.1: Design specifications for a custom built shearing rig




300 mm diameter mesocosm containers 
will be used to house the experimental 
soil. This is a similar sized shear area to 




Lightweight design The device must be able to be lifted, and 




The experiment will also measure 
hydraulic conductivity, so cylindrical 
mesocosm pots will be used.
(Terwilliger and 
Waldron 1990)
Shear plane at 80 
mm soil depth
As most grassland roots are active in the 
top 10 cm of soil, a shear plane within this 
region had to be selected.
(Tobias 1994)
Provide a constant 
horizontal force
A hydraulic pushing jack will provide the 
shearing force. Hand powered jacks have 
been used before, but fail to provide 
constant movement.
(Lawrance et al. 
1996)




attached to horizontal runners, enduring 
movement only in one direction.
Measure the force 
applied
A STA-4 Tension/Compression load cell 





A PD13 Linear displacement transducer 





Both load cell and displacement 
transducer are connected to a CR800 data 
logger (Campbell Scientific).
(Norris 2006)
No applied normal 
loading
The normal loading (above the shear 
plane) in this study will only be provided 




Potential for future 
use beyond this 
experiment
Although the apparatus will be primarily 
used for this mesocosm experiment, 
adjustable legs are attached, so that the 
shear plane height can be re-adjusted to 
be compatible with other soil set ups in 
the future. The adjustable legs are also 
removable, giving potential for the device 




Our shear testing rig comprised a metal frame made compatible to fit around 64pots 
that contain the experimental soil (Fig 2.3). The rig primarily consisted of two 
components: a static base that fits around the pot, and a moveable top section with 
the capacity to slide horizontally along two runners. A hydraulic jack was affixed to 
the rear of this top section, which provided the horizontal shear force to test soil 
strength. The jack was connected to a hydraulic pump, which gave a constant 
horizontal loading force throughout shearing. This horizontal movement forces the 
top half of soil, above the exposed shear plane, to deform for a distance of 200 mm, 
allowing readings of force and displacement to be logged during the shearing 
process. Force was recorded with an STA-4 tension/compression load cell (LCM 
Systems) fixed to the end of the jack, whilst horizontal displacement was recorded
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with a 200mm PD-13 displacement transducer (LCM systems) attached to the side of 
the rig. Data from both load cell and displacement transducer were collated through 
a CR800 data logger (Campbell Scientific). The calibration factor for the displacement 
transducer was: y = 19.64 -  x/298, where x is the transducer output, and y is the total 
displacement in mm. The calibration factor for the load cell was: y = 25.129x, where x  
is the cell output, and y is the total force recorded in kN/m2. The entire rig had 
adjustable and removable legs, so that shear plane height settings could be adjusted 
for any future use beyond this project.
In order to get successful force and displacement readings from the shearing process, 
the experimental soil had to be in a container (mesocosm) compatible with the shear 
testing rig. For this experiment, we used a 300 mm diameter 4 mm thick twin walled 
piping to create mesocosm pots. Within each pot, we made a pre-determined shear 
plane by cutting through the pipe at 8 cm soil depth, in effect creating two separate 
pipe halves to the pot, one above and one below the shear plane, which were fixed 
back together with reinforced adhesive tape. Just prior to shear testing, this tape 
could then be removed exposing a shear plane of soil. As we were carrying out the 
shearing on saturated soils, we also lined the inside of each pot with a watertight 
polyethene layer, which could be cut at the level of the shear plane just prior to 
testing. Once each pot was made suitable with the pre-determined shear plane and 
lining, 35 cm of soil was uniformly packed in at a density of 1.3 g/cm3 at 7cm 
intervals above a 10 cm layer of drainage gravel, after which seedlings were planted 
at a uniform density in the top of the pot. After 18 months of root growth, each 
mesocosm pot was then ready for the shearing process.
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Figure 2.3: Direct shearing device. Diagram shows (a) sketch of the original design, 
(b) the finalised rig compatibility with mesocosm pots and (c,d) the shearing process.
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2.3.2 Methodology
48 hours prior to shear testing, each pot was saturated from the bottom up, in order 
to expel any air pockets upwards, and create saturated conditions for strength 
testing. After the wetting period, the outer adhesive tape, and inner lining, around 
the pre-determined shear plane was cut. This exposed a plane of soil now reinforced 
with roots. The shear testing rig was then placed over each pot, aligning with the 
shear plane (Fig 2.3). Once the rig was fixed in place, the hydraulic pump was 
operated allowing the hydraulic jack to horizontally displace the upper layer of soil 
above the shear plane. Force and displacement measurements were recorded in real 
time in ASCII files on the CR800 data logger.
2.3.3 Output
Force and displacement ASCII files recorded from the logger were then uploaded to 
Microsoft Excel, where force-displacement graphs could be generated for each 
sample sheared. For our mesocosm experiment (See chapter 3), force-displacement 
graphs can be found in Appendix Al. Fig. 2.4 shows an example of the force- 
displacement output. For comparison between different planted soils in the 
mesocosm experiment, we interpreted three parameters from each graph: (i) peak 
shearing force (the maximum force recorded on each graph); (ii) shearing force at 10 
cm displacement; and (iii) average shearing force over test (the mean value of force 
over the entire 20 mm shear profile). After assessing the majority of graphic outputs, 
we decided not to use a fourth parameter (iv) residual soil strength (strength 
displayed after peak force has been overcome) as many profiles reached peak force 
toward the end of the shear, or displayed no evident residual force. These three
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parameters (i-iii) were treated as relative to one another, and not absolute values, so 
should only used for analysis between our mesocosm treatments (See chapter 3).
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Figure 2.4: Actual output from sheared mesocosm pot from Chapter 3. Displaying 
the three parameters used in our analysis: (i) Peak force -  the maximum strength 
reached; (ii) Force reading at 10 cm displacement; (iii) Average force over the entire 
shear process.
With a device constructed, and a methodology in place, we undertook shear testing 
on 8 pots of non-rooted soil, in order to ensure consistent readings. After which, the 
shearing rig was ready for testing on the experimental mesocosms (Chapter 3).
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3. Plant diversity impacts on soil physical properties: a mesocosm study
Gould, I.J., Quinton, J.N., and Bardgett, R.D 
Abstract
The last two decades have witnessed an enormous research effort exploring the 
consequences of species loss for the functioning of ecosystems, and the impact of this 
on the goods and services that ecosystems provide. This research has led to the 
general consensus that biodiversity loss reduces most ecosystem functions and 
impairs their stability through time, and that functional traits of species play a major 
role in determining diversity effects. Most of the research focussed on plants, 
however, has had an aboveground focus, exploring relationships between plant 
diversity and the production and stability of plant communities, and relatively few 
studies have explored impacts belowground. Moreover, those studies that have 
explored impacts of plant diversity on belowground processes have largely focused 
on biological and biochemical properties of soil, rather than on the soil physical 
environment. This is surprising, given the fundamental importance of soil structure 
for ecosystem functioning; not only does it provide space for soil organisms and 
plant roots to grow, but it also regulates the movement of water, nutrients and gases 
through soil. Also, the degradation of soil physical structure has drastic 
consequences for crop growth, water quality, carbon storage, and flood remediation.
We established an 18 month mesocosm experiment, and employed a range of 
methods to investigate the impact of plant diversity on a range of soil physical 
processes. Saturated hydraulic conductivity was measured on the planted soil
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columns; stability testing was conducted on soil aggregates, whilst a method of 
determining strength reinforcement of soil by roots was also used. After soil 
sampling, we measured a suite of root traits, to see how these could be influential in 
soil physical processes. We found a significant impact of species richness on soil 
aggregate stability, whilst hydraulic conductivity and soil strength associated more 
to the behaviour of plant functional identity, in particular legumes, within a 
community. Plant root properties played a critical role in these relationships. This 
represents the first time soil physical responses to plant biodiversity have been 
measured at the mesocosm scale, and reveals that, in addition to the response of 
biological and biochemical processes, plant diversity could also now have a 
significant effect on certain physical processes.
3.1 Introduction
Although very few studies have investigated the link between plant diversity and 
soil physical properties, recent evidence does point toward the significance of such a 
relationship. In experimental grassland plots, Peres et al. (2013) showed that soil 
aggregate stability, a good indicator for soil physical structure (Le Bissonais 1996, 
Barthes et al. 2002, Six et al. 2000), increased under mixed-species communities when 
compared to monocultures as a result of changes to root, microbial, and carbon 
inputs into the soil. Such a relationship was also found in field studies in the Alps 
(Pohl et al. 2009), with a positive correlation between plant diversity and soil 
aggregate stability. With regard to other soil physical parameters essential to 
ecosystem functioning, such as hydraulic conductivity or soil shear strength, nothing 
is known of the relationship with plant diversity. Despite this gap in our knowledge
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of plant community impacts upon the physical environment, we do know that 
individual plant species vary in the way that they influence soil structure (Scott 
1998). A presence of grass species can increase the extent of soil aggregation (Jastrow 
1987, Rillig et al. 2002), but their expansive root networks may come at a price -  
blocking pore space to restrict hydraulic conductivity belowground (Barley 1954, 
Macleod et al. 2013). Legumes, on the other hand, with their less exploitative rooting 
strategies, do not have as much influence upon soil aggregate stability (Peres et al. 
2013), but can aid water flow through soils (Yaacob and Blair 1981). The fact that 
there is disparity between how individual species or functional groups impact on soil 
physical properties suggests that a plant diversity effect could be prominent.
Plant traits play a major role in defining much of the physical stability of a soil 
(Angers and Caron 1998), and a number of root traits have been found to show 
important links with soil physical behaviour. The length of roots invested by a plant, 
or community, belowground can govern the extent of influence over the soil physical 
environment. Species that exhibit greater root length can increase soil aggregate 
stability (Pohl et al. 2009), form cohesive topsoil matting to resist erosive forces 
(Tobias 1994), forage to depth and provide anchorage against slope failure (Abdullah 
et al. 2011), and also influence macropores and water flow (Edwards et al. 1997). In 
addition to root length, plants investing more root mass generate greater root- 
derived inputs to the soil; organic exudates and associated microbial communities 
that are a fundamental part of the soil aggregation process (Tisdall and Oades 1982, 
Oades and Waters 1991, Six et al. 2004). Root diameter influences soil hydrological 
properties, where thicker roots can act to aid water flow through soils (Morgan et al.
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1995). Roots with greater tissue density might change tensile strength to the root-soil 
matrix (De Baets et al. 2007, Loades et al. 2010), whilst roots that decay easily create 
permeable pathways for water (Barley 1954, Macleod et al. 2013). We know that 
individual species within grasslands can exhibit a wide range of root characteristics 
(Grime et al. 2007), suggesting different species could impact soil structure in a 
contrasting manner. If there is any diversity impact upon soil physical behaviour, it 
could be an effect of a particularly influential species or trait present.
Although numerous mesocosm studies have explored biodiversity-ecosystem 
function feedbacks in the past, and despite our wide understanding of the role plant 
activity has in influencing soil structure, none have investigated plant community 
impacts on soil physical properties. The overarching goal of this chapter was to test 
how changes in plant diversity and composition impact a range of soil physical 
properties: aggregate stability; hydraulic conductivity; and shear strength. We tested 
the hypotheses that increasing plant diversity benefits soil physical properties and 
such responses could be driven by the root traits of influential plant species within 
the community. This was tested in model grassland communities exhibiting a 
gradient of species, and functional group, richness.
3.2 Methods
3.2.1 Experimental set up
In order to test the effects of plant community dynamics on soil physical properties, 
we adopted an experimental design originally devised by De Deyn et al. (2009) and
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based on model grasslands. This design allows us to test the effects of plant species 
richness, functional group richness, species identity and functional group identity on 
the soil processes in question. Initial planting density was kept constant, whilst plant 
species and functional group richness varied, from monocultures to six-species 
mixtures, consisting of three functional groups. The plant species used were: two 
grasses (G), Lolium iperenne (Lp) and Anthoxanthum oderatum (Ao); two forbs (F): 
Plantago lanceolata (PI) and Achillea millefolium (Am); and two legumes (L), Trifolium 
repens (Tr) and Lotus corniculatus (Lc). These plant species differ considerably in their 
rooting patterns (Thomas and Davies 1954, Cope and Gray 2009), and therefore lend 
themselves to investigation of community impacts on soil structure. In each block, 
there were 16 planted mesocosms: no plants (1), each species in monoculture (6), 
two-species mixtures from the same functional group (3), two-species mixtures from 
different functional groups (i.e. GF, GL, FL) (3), three-species mixtures from different 
functional groups (2) and all six species together (1), in a four block design. For 
treatments with two species from two functional groups, and three species mixtures, 
we used different combinations of species per block so that all plant species were 
present in an equal number of mesocosms. Two sets of parallel mesocosms were 
established: one set were used for root trait and aggregate analysis, whilst the other 
set were used to test for effects of planting treatments on hydrology and soil 
strength. This yielded a total of 128 (2 x 64) mesocosms, each consisting of a 
cylindrical pot of 50 cm depth with reinforced mesh on the underside. For the 64 
strength-testing mesocosms, a pre-determined shear plane was cut in each pot at 8 
cm soil depth (see Chapter 2: Measurement of biodiversity impacts on soil shear 
strength: developing a methodology), before taping both sides back together with
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reinforced tape. The shear plane was protected with a PVC inner lining in each 
mesocosm, to prevent disturbance from water or plant roots during the growing 
period. At the bottom was laid 10 cm of limestone chippings, above which was 
packed 35 cm depth of experimental soil at 1.3 g/cm3 density. Plants were grown 
from seed in controlled environment rooms (16 hr day length, 24 °C day temp., 16 °C 
night temp.) and 8-week old seedlings were planted into mesocosm pots in 
glasshouses at Hazelrigg field station, Lancaster University.
The experimental soil used was a Kettering Loam, provided by Boughton Loam Ltd. 
(Kettering, UK). The soil was a clay loam, and had previously undergone 
preliminary tests to establish the capacity to measure soil aggregate stability. All 
mesocosms were filled with the experimental soil, packed at a uniform dry density 
(see Chapter 2).
Each pot was planted with 24 plant individuals, the composition of each community 
depended on the assigned treatment (i.e. 24 individuals for each monoculture, 2 sets 
of 12 individuals per 2-species mixture, 3 sets of 8 individuals per 3-species mixture, 
6 sets of 4 individuals per 6-species mixture). The experiment was a random block 
design, using 4 separate glasshouses, each glasshouse acting as a block. Within each 
block, there were 16 treatment combinations, and two duplicate mesocosms for each: 
one for aggregate/root analysis, the other for hydrology/strength, totalling 32 
mesocosms per glasshouse. The position of each treatment combination per block 
was randomly allocated. Throughout the growing period, mesocosms were watered 
via an automated sprinkler system, and aboveground biomass was cut twice yearly
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in June and August. Plant communities were allowed to grow for 18 months before 




Le Bissonais (1996) developed a framework for the assessment of aggregate stability 
of soils that considers the impact of different environmental factors. The ability of 
soils to resist: (i) slaking under rapid wetting; (ii) microcracking under gentle or slow 
wetting; and (iii) mechanical breakdown as a result of raindrop impact; are all 
examined, and hence, this methodology was suitable for our experiment. Using a 
trowel, soil clods in the upper 10cm of soil were removed from each of the 64 
aggregate stability mesocosms. The Le Bissonais protocol subsequently calls for the 
3-5 mm fraction of aggregates from these soil clods to be separated by passing 
through a 5 mm sieve and retaining the required fraction on a 3 mm sieve. 
Preliminary analysis found that inclusion of aggregates > 3 mm ignored a large 
portion of aggregates we found adhering to roots of soil. With rooting activity an 
essential detail of this study, it was decided to include aggregates of > 2 mm instead. 
Tisdall and Oades (1982) also comment that aggregates > 2 mm are those most 
susceptible to change from shifts in land use or plant community. After the 2-5 mm 
fraction was separated, aggregates were dried at 40 °C for 24 hours to achieve a 
constant matric potential across all soils. At this stage, the samples were ready for 
subsequent analysis of each of the three environmental breakdowns, following the Le 
Bissonais protocol:
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Aggregate stability (i): Slaking 
5 g of aggregates were gently immersed in 50 cm3 of deionised water, inducing 
slaking. After 10 minutes, the water was sucked off and the soil material was 
transferred to a 50 pm sieve. Using the 50 pm sieve, the soil sample was gently wet 
sieved in a non-polar liquid, in this case methylated spirits, and then allowed to air 
dry in a fume hood overnight, after which the sample was further dried at 105 °C for 
24 hours. The final stage of aggregate stability analysis involves gently dry sieving 
the soil sample through a stack of six sieves (2000 pm, 1000 pm, 500 pm, 200 pm, 100 
pm, 50 pm). The fraction remaining on each sieve was weighed, and the mass 
recorded multiplied by the mean aperture of the sieve. The sum of each of these sieve 
fraction calculations determines the Mean Weight Diameter (MWD) of each 
treatment, the value used to represent aggregate stability under this environmental 
breakdown.
Aggregate stability (ii): Microcracking 
5 g of aggregates were placed on pre-wetted filter paper on a sand tension table of 
matric potential of -0.3kPa. The original protocol calls for the aggregates to be left at 
this state for a recommended 30 minutes, however due to the clay content of our 
soils, it was decided to gently saturate on the tension table for 60 minutes. After 
gently wetting on the sand table, the aggregate samples were removed, wet sieved 
and subsequently dry sieved in the same manner as the slaking samples.
Aggregate stability (iii): Mechanical breakdown 
5 g of aggregates were immersed in 50 cm3 of methylated spirits for 10 minutes. The 
liquid was then sucked off and the aggregates transferred gently into a conical flask
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with 250 cm3 of deionised water. The flask was corked and agitated end-over-end 20 
times to simulate mechanical disturbance, before allowing settling for 30 minutes. 
After this time, the water was removed and the aggregates were transferred to a 50 
pm sieve, for subsequent wet sieving and dry sieving as before.
Saturated hydraulic conductivity 
Measurement of saturated hydraulic conductivity involved the second set of 
duplicate mesocosms (n=64). For saturation, mesocosms were placed in flexible 
polyethene outer containers. The containers were then filled with water, above the 
level of the soil, in order to saturate the mesocosms from bottom up, allowing the 
release of air bubbles upwards, creating minimal disturbance to the soil structure. 
After water was seen ponding on the soil surface, the pots were left for 48 hours 
before conductivity measurements were taken. The falling head method of 
measuring saturated hydraulic conductivity was employed, in essence using the 
entire mesocosm pot as a permeameter (Klute and Dirksen 1986, Smith and Mullins 
1991). Additional narrow piping was attached and sealed to the top of the mesocosm 
pot so that any fall in head could be read accurately in a narrow-diameter duct. An 
outflow was created by lowering the flexible polyethene container, on the outside of 
the mesocosm pot, to a set height below the soil surface height. Because the column 
has a permeable base, this creates a differential gradient that induces water flow 
through a saturated soil column and out of the outflow (Fig 3.1). Using Darcy's 
principles of saturated hydraulic conductivity, we could then calculate the rate of 
flow of water based on the area and length of the soil column, and the fall in head 
over time (Klute and Dirksen 1986, Smith and Mullins 1991).
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Figure 3.1 shows an example of the hydraulic conductivity set up, saturated 
hydraulic conductivity (K sa t) was calculated with the following equation:
A IL  hO 
Ksat = — —ln(—) 
A21 V ir
Where A l is the cross sectional area of the standpipe and A2 is the cross sectional 
area of the soil column. L represents the length of the soil column, t is the time period 
and hO and hi are head heights at t=0 and t=t (Figure 3.1). For each mesocosm, t was 
recorded after a drop in head height of 10 mm, and repeat measures were taken on 
each mesocosm until two concurrent readings were evident.
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Figure 3.1: Diagram of mesocosm set up for measurement of hydraulic 
conductivity. See Ksat equation for details.
Root reinforcement of soil shear strength 
After hydraulic conductivity measurements were taken, the polyethene outer 
containers were re-adjusted to submerge the entire mesocosm, once again allowing 
full saturation. The pots were left to re-saturate for a further 24 hours before strength 
testing was undertaken. Immediately prior to strength testing, the polyethene 
container was removed, and the pre-determined shear plane was exposed. A blade 
was used to cut the inner PVC lining of the mesocosm, resulting in an entire plane of 
exposed soil. We developed a shearing rig that fitted the mesocosm pot (see Chapter
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2: Measurement of biodiversity impacts on soil shear strength: developing a 
methodology), applying a shear load to an exposed shear plane at 8 cm soil depth. A 
hydraulic ram was used to apply constant loading to the soil column, whilst force 
and displacement of the top half of the soil column were constantly recorded with a 
Campbell Scientific CR800 datalogger. For each individual mesocosm, we created a 
force-displacement graph. From these graphs, we derived three strength parameters 
to be used in our analysis: (i) Peak shearing force, (ii) Shearing force at 10 cm 
displacement, (iii) Average shearing force over test.
Moisture content
Soil samples from the aggregate stability mesocosms were taken and bulked together 
for determination of moisture content, organic matter content and microbial C. Fresh 
soils were weighed, dried at 105 °C for 48 hours to remove all water, and then 
weighed again to determine soil moisture content.
Organic matter content 
We measured organic matter content of the soil using the loss on ignition method, 
which combusts any organic material at high temperatures. Dried soil samples were 
placed in crucibles and the mass was recorded. Crucibles were placed in a furnace set 
to 560 °C for 6 hours, after which the samples were re-weighed. Organic matter 
content refers to the mass lost on ignition, leaving behind only the mineral fraction of 
the soil.
3 2 2 2  Plant-properties
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At final harvest, the aboveground biomass for each species per community was cut 
at 2 cm height, dried at 70 °C for 48 hours and dry biomass recorded. In the aggregate 
stability mesocosms (n=64), three 30 cm soil cores of 3.4 cm diameter were taken, 
separated into 10 cm depths, and each depth bulked for root trait analysis. We, 
separated into 10 cm depths to assist root scanning, all results presented represent 
root traits measured for the entire 30 cm depth unless otherwise stated. Roots were 
removed from soil by gently washing through a 710 pm sieve. Roots were then 
stored in 20 % ethanol solution until scanning was undertaken. Root sample 
solutions were spread out over several transparent plastic trays and scanned with an 
Epson V700 Photo scanner, after which the images were analysed using WinRhizo 
2009 (Regent Instruments Canada Inc.) for root properties of length, average 
diameter and volume. After scanning, the root samples were patted dry with paper 
towels and fresh mass was recorded. The samples were then dried at 70 °C for 48 
hours after which dry mass was recorded. Using the root measures obtained, the 
following six root traits were calculated (Pohl et al. 2009, Hummel et al. 2006):
Root Length Density (RLD) = Length of roots per unit of soil volume (m/dm3)
Root Density (RD) = Dry mass of roots per unit of soil volume (g/dm3)
Average Root Diameter (RDIAM) = Average diameter of roots per community 
sample (mm)
Specific Root Length (SRL) = Length of root per dry mass of root (g/m)
Dry Matter Content (DMC) = Dry mass of roots per fresh mass (fraction)
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Tissue Mass Density (TMD) -  Mass of roots per root volume (g/cm3)
In order to see if changes in community composition affect the allocation of root 
length and mass at different depths of soil, the relative proportions of length and 
mass in each 10 cm depth layer were also calculated. This was done by dividing the 
length or mass at each layer by the total length or mass throughout the soil, giving a 
fraction to represent root allocation.
For root samples from the second batch of mesocosms subjected to saturation and 
shearing (see Root reinforcement of soil shear strength)( n=64), the two sheared soil layers 
were positioned back on top one another and two 30 cm cores were taken. Soil was 
washed from the roots, whilst roots mass, and subsequent RD, were determined after 
drying at 70 °C for 48 hours. Because of the destructive nature of the shearing, only 
RD was used, and no other measures of root traits were derived from these pots.
3.22.3 Microbial properties
A fumigation process was employed to determine the amount of carbon bound in 
soil microbial biomass. Soil subsamples fumigated with chloroform, releasing C for 
extraction, were compared to non-fumigated subsamples of soil, in order to derive 
how much C was bound in microbial cells. 5 grams of sieved soil per sample was 
placed in a dessicator with chloroform. Air was evacuated using a vacuum pump, 
and the samples with chloroform were left under vacuum for 24 hours. After 
evacuation, samples were extracted with potassium sulphate (K 2 S O 4 ) ,  along with an 
additional cohort of samples that did not undergo fumigation. K 2 S O 4  was added to 
each sample before 30 minutes of mixing on an orbital shaker, after which the
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solution was filtered through Whatman No. 1 filter paper. Potassium persulphate 
was added to each sample before using a total organic carbon (TOC) analyser to 
determine C. The total amount of C contained in the microbial community was 
calculated:
Microbial C — ^ ot:a  ^^ar^ on *n fumigated sample Total Carbon in unfumigated sample
Dry soil (g) Dry soil (g)
3.2.3 Data analysis
Data for aboveground biomass, root traits, slaking aggregate stability, hydraulic 
conductivity, and shear properties were transformed in order to meet the 
assumptions of normality. Correlations between aboveground biomass and root 
traits were found with Pearson correlations on the 64 aggregate stability mesocosms. 
We used general linear mixed effects models, with block as a random effect, to test 
the response of plant community properties on all plant properties and all soil 
physical processes. Species richness effects were investigated using all mesocosms, 
whilst individual species effects were identified by using monoculture data alone.
The effects of functional group identity on root traits and all physical responses were 
tested using only the pots displaying one functional group. Functional group 
richness effects were explored using just the 2-species mixtures, where species 
richness is kept constant yet functional group richness can increase. Differences 
between treatments were determined with Tukey post hoc tests.
To investigate how certain species or functional groups could play a dominant role 
over physical properties in the mixed communities, the effect of the presence/absence
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of the species L. iperenne on aggregate stability and L. corniculatus on strength 
parameters was explored using t-testing of the 1-, 2- and 3-species mixtures. We also 
used t-testing to find any effect of the presence/absence of legumes on saturated 
hydraulic conductivity in the 1- and 2-functional group mixtures.
In order to test whether diversity effects could be explained by the traits of a 
community we used further ANCOVA analysis investigating the influence of root 
traits and aboveground biomass, alongside species richness, over soil physical 
properties. All root traits, aboveground biomass and species richness were used as 
predictors for aggregate stability, whilst only root mass density, aboveground 
biomass and species richness were used for hydraulic conductivity and strength 
properties. For their relationship with aggregate stability, we only used the root traits 
measured in the top 10 cm of the soil column, as aggregates wTere only measured 
from this upper depth of soil. Species richness was fitted last in all ANCOVAs in 
order to separate its effects from those of the plant properties. Relationships between 
the root traits, aboveground biomass, organic matter and microbial C content, and 
each physical property were investigated with linear regression. We tested the 
impact of L. perenne on the root effect by repeating models with root length density 
as a factor and aggregate stability as a response, however this time only on 
communities with, and then, without L. perenne. All analyses were carried out in R 
3.0.1 (R Development Core Team).
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3.3 Results
3.3.1 Community effects on soil physical properties
Increasing species richness had a positive effect over all three aggregate stability 
measures (Figure 3.2a-c) (Slaking:Fi,55 =15.65, p<0.01, Microcracking: Fi/55 = 4.09, 
p<0.05, Mechanical Breakdown: Fi,55 =6.69. p<0.05). Greater plant species richness also 
showed a tendency to benefit saturated hydraulic conductivity, but this response was 
not significant to 95 % confidence (Fi,55=3 .75, p=0.06), whilst species richness had no 
impact on soil strength properties (Average force: Fi,49=1.5, p=0.22; Force at 10 cm:
Fi,49=1.16, p=0.29; Peak force Fi,49=0.73,p=0.40). When species richness was held 
constant, there was no effect of increasing functional group richness, from one to two 
groups, on any of the aggregate stability measures or saturated hydraulic 
conductivity of the soil. However, unlike the aggregate and hydrology measures, 
increasing the number of functional groups present in a community had a significant 
effect on soil strength properties. Average strength, strength at 10 cm, and peak 
strength all increased when the number of functional groups present in a community 
rose from 1 to 2 (Average force: Fi,i6=8.51, p<0.05; Force at 10 cm: Fi,i6=9.68, p<0.01; 
Peak force Fi/i6=9.67,p<0.01), all three strength parameters are strongly correlated, so 
for graphical representation of the data we just display peak force data (Figure 3.2d).
Grass species displayed significant positive impacts for soil aggregate and strength 
properties. Soils under the grass, L. perenne, showed the greatest aggregate stability 
resistance to slaking and mechanical breakdown (Table 1); whilst the effects of root- 
reinforcement of the other grass species, A. oderatum, showed a positive increase on 
soil strength in monocultures. Grasses did however tend to have lower rates of
saturated hydraulic conductivity in comparison to legumes (Mean K sat: Grasses: 
8.24±4.49 mm/hr; Forbs: 8.52±3.52 mm/hr; Legumes: 19.77±3.46 mm/hr; F2,3o = 5.29 
P<0.01). The positive effect on aggregate stability of L. perenne was not only seen in 
monocultures: slaking stability in 3-species mixtures increased by 21 % in the 
presence of this species, whilst mechanical breakdown stability increased by 7 % 
when 2-species mixtures contained L. perenne. In many cases, the effect of legumes on 
soil physical properties contrasted to that of the grasses. Aggregates sampled under 
T. repens displayed the lowest aggregate resistance to slaking, and along with L. 
corniculatus, lowest aggregate resistance to mechanical breakdown also (Table 3.1). 
Despite poorer aggregate stability, the legumes did exhibit the highest rates of 
hydraulic conductivity, not only increasing conductivity in monocultures, they also 
contributed to greater hydraulic conductivity with their presence in mixtures (t test 
2-FG mixtures: mean K sat in presence of legumes: 30.62 ± 9.97 mm/hr; mean K sa t in 
absence of legumes: 1.38±0.42mm/hr; P <0.001). The roots of L. corniculatus also 
demonstrated the greatest strength reinforcing effect of the soil columns (Table 3.1). 
Despite having a strong positive impact on soil strength in monocultures, the 
presence of L. corniculatus in the 2- and 3-species mixtures had no impact on soil 
strength properties. In all measures, slaking and mechanical aggregate stability were 
greater in planted mesocosms than under bare soil (Table 3.1), whilst only the two 
grass species, L. perenne and A., oderatum, and the forb, P. lanceolata, displayed better 
aggregate stability to microcracking than bare soil. Although bare soil was found to 
have consistently low soil strength properties, it was not significantly different from 
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3.3.2 Plant trait effects on soil physical properties
Root length density and specific root length were both positively related to all 
aggregate stability measures (Table 3.2), whilst average root diameter showed a 
significant negative relationship with aggregate stability (Table 3.2). Increased root 
mass in soil showed no significant relationship with any form of aggregate stability, 
however, it did show a positive correlation with both hydraulic conductivity and soil 
strength (Table 3.2). Root dry matter content showed slight negative correlations 
with two of the three aggregate measures - slaking and mechanical breakdown 
resistance, whilst root tissue density displayed a negative relationship to aggregate 
resistance to microcracking (Table 3.2). Aboveground biomass was not related to 
aggregate stability, but did however display positive links with both hydraulic 
conductivity and soil strength (Table 3.2). Linear regression found a significant 
positive relationship between microbial carbon and soil aggregate stability (Slaking:
F 1,59= 7.01, P<0.05; Microcracking: Fi,59= 5.33, P<0.05; Mechanical Breakdown: Fi,59 = 
5.37, P<0.05), but no significant relationship between organic matter and aggregate 
stability (Slaking: Fi,59= 3.05, P=0.09; Microcracking: Fi,59= 3.23, P=0.08; Mechanical 
Breakdown: Fi,59 = 0.74, P=0.39).To investigate whether the root traits of a community 
could explain the plant diversity effect, we fitted species richness after traits in the 
ANCOVA model, and found that aggregate stability to slaking breakdown -  species 
richness effects were still significant after fitting traits (Table 3.2). For the other 
aggregate stability measures, microcracking and mechanical breakdown, species 
richness effects could be fully explained by the traits, and there was also no effect of 
species richness on hydraulic conductivity and shear strength found with ANCOVA
analysis (Table 3.2). We used further analysis to investigate how key species could be 
impacting on the trait-physical property dynamics. When the data for root regression 
analysis was separated into two - mesocosms in the presence, and absence, of L. 
perenne - we found that this species had a governing role over how root length 
related to soil aggregate stability: when L. iperenne was present in a community, there 
was no relationship between root length and aggregate stability, however when the 
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Figure 3.2: Plant diversity effects over soil physical properties. Displaying the 
significant positive impact of species richness upon all three aggregate stability 
measures: slaking (a); microcracking (b); and mechanical breakdown (c); and the 
significant positive impact of increasing functional group richness upon soil strength 
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Figure 3.3: The influence of Lolium perenne on the root length effects over soil 
aggregates. Relationship between root length density (RLD) on three aggregate 
stability measures: slaking (a); microcracking (b); and mechanical breakdown (c) in 
the presence and absence of Lolium perenne. Black dots indicate L. perenne absent in a 
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3.3.3 Community effects on plant properties
The individual species L. corniculatus produced the most aboveground biomass 
(13.44 ± 2.72 g) (Figure 3.3a), significantly more than A. oderatum (5.38 ± 1.17 g), A. 
millefolium (5.06 ± 0.24 g) and P. lanceolata (5.93 ± 0.58 g) (F5,15 = 4.67, p < 0.01). 
Aboveground plant biomass increased significantly with increasing plant species 
richness (FI,55 = 6.17 p < 0.05) (Figure 3.4). Also, increasing functional group richness 
from 1 to 2 groups, whilst keeping species richness constant, increased aboveground 
biomass (FI,19 = 10.58, p <0.01) (Figure 3.4).
As expected, root traits varied among plant species (Table 3.3). The grasses, L. 
perenne and A.oderatum, displayed the greatest root length, specific root length and 
narrowest average diameter. T. repens had the lowest root length, root mass and 
tissue density, and the highest dry matter content, whilst the other legume L. 
corniculatus had the greatest root mass, diameter and tissue density, and 
consequently the lowest specific root length. The two forb species A. millefolium and 
P. lanceolata displayed no extremes of root traits, but tended to occupy the 
intermediate range for all characteristics.
Plant diversity influenced a number of community root traits (Figure 3.5). Increased 
species richness caused greater root length (FI,55 = 7.19, p < 0.01) and lower average 
diameter (FI, 55 = 5.21, p<0.05) and dry matter content (FI,55 = 4.81, p<0.05). 
Nevertheless, root mass density (FI,55 = 1.6, p =0.21), specific root length (FI,55 =2.5, 
p=0.11) and tissue mass (FI,55= 0.06,p=0.81) did not change as a consequence of 
species richness. Increasing plant functional group richness from one to two 
functional groups increased community root mass (FI,19 — 9.11, p<0.01) and tissue
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density (FI,19=14.65, p<0.01), but reduced specific root length (FI,19 =5.02,p<0.05) 
(Figure 3.3). Increasing functional group richness from one to two groups had no 
impact on root length (FI,19 =0.42,p=0.52), diameter (FI,19=0.37,p=0.55) or dry matter 
content (FI,19 = 0.92, p=0.35).Aboveground biomass correlated with root mass 
(Pearsons = 0.38, p<0.01) and tissue density (Pearsons = 0.26, p<0.05), whilst no 
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Figure 3.4: Plant community effects on plant productivity. Displaying the influence 
of a) species identity (Lolium perenne, Lp, Anthoxanthum oderatum, Ao, Trifolium 
repens, Tr, Lotus corniculatus, Lc, Achilliea millefolium, Am, Plantago Lanceolata, PI), b) 
functional group identity (Grass, Legume, Forb), c) species richness, and d) 
functional group richness on aboveground biomass. Letters denote significant 
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Figure 3.5: Plant diversity impacts on root traits. Displaying the significant influence 
of species richness on: root length density (RLD) (a); average root diameter (RDIAM) 
(c); and root dry matter content (DMC) (e); and the significant influence of raising 
functional group richness from one to two groups upon: root mass density (RD) (b); 
specific root length (SRL) (d); and root tissue mass density (TMD) (f). Letters denote 
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In this experiment we found significant effects of species richness, functional group 
richness, species identity and functional group identity on an array of soil physical 
properties. The response of soil structure to plant community dynamics varied 
widely, illustrating the broad range and complexity of processes involved in the 
stabilisation of soils by plants. Increased species richness provided greater root 
length in the soil and benefitted aggregate stability. For microcracking and 
mechanical breakdown of aggregates, we found that all of the impact of species 
richness could be explained by root traits of the community, whilst for aggregate 
slaking there was an additional richness effect unexplained by roots. Functional 
group richness, on the other hand, did not affect root length or aggregates but 
showed a positive increase in root mass and subsequent root-soil strength properties. 
The role of single species in plant community-soil physics dynamics varied widely. 
For the aggregate processes, the prominent monoculture grass species, L. -perenne, 
provided a significant benefit to aggregate properties under mixed plant 
communities. In the case of soil strength, the greatest contributor in monoculture, the 
legume L. corniculatus, did not however provide significant benefits to strength in the 
mixed communities. Throughout the experiment, legumes and grasses consistently 
showed notable impacts over all physical properties. Soils under legumes exhibited 
poorer aggregate stability, yet increased hydraulic conductivity in monocultures, 
whilst the legume L. corniculatus also provided considerable gains to soil strength. 
Conversely, grasses provided greater aggregate stability, but slower hydraulic 
conductivities through the soil.
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Throughout the experiment plant community impacts were less pronounced on soil 
hydraulic conductivity and shear strength responses, than they were on the 
responses of aggregate stability. Although shear strength did respond to greater 
numbers of functional groups in a community, and hydraulic conductivity did show 
a relationship with legumes, these two physical properties were mainly affected by 
plant function and root mass within the soil. In contrast, aggregate stability was 
influenced by species richness, an effect which can be attributed to both the role of 
greater root length, and the presence of certain plant identities, within the mixed 
communities.
3.4.1 Plant species interactions and soil aggregate stability
Greater species richness had a positive impact over all breakdown mechanisms of 
aggregate stability. This relationship has received little attention from the 
biodiversity-ecosystem function literature (Pohl et al. 2009, Peres et al. 2013), and this 
is the first time a study has investigated the process in manipulated mesocosm 
communities. This experimental set up allowed us to explore some of the 
mechanisms behind the relationship. Roots play a major role in soil aggregation 
(Angers and Caron 1998), and it is not surprising that we found significant links 
between finer root length and greater aggregate stability. Finer roots exhibit high 
decomposability within the soil (Goebel et al. 2011), and this greater organic input 
belowground is a central part of aggregate formation and stabilization (Oades and 
Water 1991). In addition, with increased root length, the root hairs, organic exudates 
and microbial stimulation associated with roots (Tisdall and Oades 1982, Six et al. 
2004) are provided with a more expansive platform to influence aggregate binding
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processes. What is interesting is that increasing species richness also increased fine 
root length, and reduced the average diameter of roots in a community. This 
suggests that higher diversity is increasing aggregate stability by influencing the root 
traits belowground. By testing this idea in ANCOVA analysis, we found that root 
properties did indeed explain the species richness effect for aggregate resistance to 
microcracking and mechanical breakdown. However, for the third aggregate stability 
measure, slaking, root traits did not account for all the variation caused by species 
richness. For slaking, the most aggressive soil aggregate breakdown process (Saygin 
et al. 2011), the diversity effect is not solely caused by the increase in rooting 
structures belowground, suggesting a diversity effect based on species-specific 
interactions.
Root length is thought to increase under higher diversity due to vertical niche 
separation, where roots are driven to explore less-populated areas of the soil in the 
presence of competition (Mueller et al. 2013). However, it is not the case here, as 
percentage root allocation at different depths in the soil did not vary between 
diversity treatments. The increases in root length may be a result of the presence of 
certain species dominating belowground, and although we did not separate out 
individual species' contributions to mixed rooting communities, we do know that 
exploitative grasses will become superior belowground competitors, greatly 
increasing community root length (Mommer et al 2010). As a function of their 
exploitation of belowground space, and the fact that they exhibit the finer, narrower 
root traits most influential to aggregation, grass species had a particularly notable 
effect on soil aggregate stability. In monocultures, and more importantly in mixtures,
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the presence of the grass L perenne contributed to greater aggregate stability. Further 
analysis showed us that this contribution is a result of the exploitative root properties 
of this species. When we separated the samples into those with, and those without, 
the presence of L. perenne in the aboveground community, we found that the 
inclusion of L. perenne significantly altered the relationship between roots and 
aggregate stability. With L. perenne in a community, root length contributions to 
aggregate stability exceeded a threshold, and all aggregates were sufficiently 
stabilized by roots. The presence of this species provides sufficient root length to a 
soil to stabilize aggregates, whereas in its absence, any other plant species would 
have to substantially increase their root length in the soil to achieve the same levels 
of aggregation. Much like other biodiversity-ecosystem function studies which have 
found the importance of single plant species for driving certain soil biochemical 
processes (De Deyn et al. 2010), here we find the importance of one species in 
controlling soil physical processes.
3.4.2 Plant function, soil hydraulic conductivity and strength
Whilst aggregate stability responded to plant species and root length dynamics, the 
other physical properties we investigated were influenced by different biological 
processes. Increasing the number of functional groups within a community showed a 
significant rise in the strength properties of the soil. Much like the diversity effect 
over aggregates, again we can attribute the influence of functional group richness on 
soil strength to the contribution of roots. Soil strength benefitted from increased root 
mass belowground, which provides anchorage and cohesion against disturbance 
(Waldron and Dakession 1982, Loades et al. 2010). Interestingly, we found these
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desirable root reinforcing properties to be more prominent in communities of greater 
functional group richness. Contrasting with the species richness effect on root length 
aggregates, raising functional group richness encourages a separate suite of root 
traits, thicker and denser, more often associated with conservative plant resource 
strategies. It is these root traits that are strengthening the soil, and causing the 
diversity effect. Although monocultures showed that the most densely rooting 
species, L. corniculatus, which proliferated thick tap roots throughout the soil, 
reinforced the soil much more than other species, we did not find this species to be 
making an additional contribution to the soil strength of diversity mixtures. Species- 
specificity does not impact on community-shear strength dynamics in the same was 
as it does on community-aggregate stability dynamics.
The saturated hydraulic conductivity of the soil did not respond significantly to any 
changes in diversity properties of the plant community. Although species richness 
and functional group richness had no impact on hydraulic conductivity, we did find 
that plant functional group identity was playing a role in the soil hydrology 
dynamics. Legumes have been used in farming systems as cover crops to benefit 
infiltration (Yaacob and Blair 1981, McVay et al. 1989), and we found the inclusion of 
legumes in our two-species mixtures dramatically increased the hydraulic 
conductivity of the soil. The stouter tap rooted systems of legumes provides this 
greater conductivity (Morgan et al. 1995), by creating hydraulically effective 
pathways for water to flow down the soil profile. These root characteristics are a 
contrast to the densely matting roots of the grass species, which can act to obstruct 
pore space and hinder water flow (Edwards et al. 1997), and they provide significant
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benefits to soil water flow when included in mixed grassland communities. In fact, 
throughout the experiment legumes showed stark contrasts to the grasses in the 
manner they influence soil physical properties. This is not surprising, given the 
different nature of the rooting properties of both functional groups, and the 
significance of these root traits in governing soil physical properties. Whilst the 
expansive rooting grasses contributed to soil aggregation, legumes played a much 
more significant role in benefitting soil water flow and strength properties, with poor 
soil aggregation properties.
3.4.3 Aboveground properties and canopy effects
As a result of increased species richness, we also found aboveground over yielding, 
which agrees with the general trend of many previous studies (Hooper et al. 2005, 
Cardinale et al. 2012). Although we know of the considerable benefits of increased 
aboveground cover to soil stability (Casermeiro et al. 2004, Puigdefabregas et al.
2005, Bautista et al. 2007), canopy effects were not considered here. By only assessing 
the intrinsic soil structural properties, we thus found no effect of aboveground 
productivity on the binding mechanisms of aggregate stability. This does not go to 
say that the aboveground effects are not of great importance; however they 
contribute more to protective factors against soil erosion, as opposed to the 
stabilising factors studied here. The correlative relationship we found between 
aboveground productivity and both hydraulic conductivity and soil strength was an 
artefact of the increased growth, and subsequent increased root mass belowground, 
which in turn benefitted both hydraulic conductivity and shear strength. It is also 
worth noting that as legumes produced considerably more aboveground biomass,
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they would evidently contribute some canopy benefits that may not be provided by 
grasses or forbs.
3.5 Conclusion
Our results show that plant species richness can have strong effects over soil 
aggregate stability, whilst plant functional groups can hold some influence over the 
soil hydraulic conductivity and strength properties. For two of the three measured 
aggregate stability breakdowns, the species richness effect was caused by diversity 
contributions to root length. For a third aggregate breakdown, slaking, rooting 
contributions did not explain all of the diversity effects, and we suggest the presence 
of certain species may play a major role in contributing to aggregate stability under 
grassland communities. Until now, most plant diversity research has focused on the 
response to biological and biochemical processes (Cardinale et al. 2012), and the very 
little that is known of the response to physical structure has been investigated at 
correlative field studies (Pohl et al. 2009), or small scale plot experiments (Peres et al. 
2013). This is the first time the relationship has been explored in a mesocosm 
experiment, representing a significant contribution to our knowledge of biodiversity- 
ecosystem function, and allowing us to advance our understanding of the 
mechanisms behind these patterns.
88
Acknowledgements
The authors would like to thank John Huddleston, James Paul Stride, and members 
of the soil and ecosystem ecology team at Lancaster University, for their 
contributions to the study. The research was funded by a BBSRC studentship.
89
4. Plant species richness and functional identity impacts on soil aggregate 
stability: an experimental plot study
Gould, I.J., Quinton, J.N., Weigelt, A., De Deyn, G.B., and Bardgett, R.D
Chapter 3 revealed that plant community composition does have strong effects over 
soil physical properties in a tightly controlled mesocosm study. Of particular note 
was the impact of species richness and root traits over soil aggregate stability. This 
chapter aims to expand our understanding of such processes, by investigating which 
mechanisms are driving the relationships, studied in a wider environmental context.
Abstract
To date, most research on the effects of plant diversity on the functioning of 
ecosystems has focussed on impacts on plant production and soil processes of carbon 
and nutrient cycling. Consequently, virtually nothing is known about how plant 
diversity might impact on soil physical properties and what mechanisms might be 
involved. This represents a serious gap in knowledge, given that maintaining soils 
with good structural integrity can reduce soil erosion and water pollution, and can 
lead to improved plant yield. Therefore, there is a need for a greater understanding 
of how plant communities and ecological interactions between plant roots and soils 
can play a role in regulating soil physical structure.
One soil physical attribute that has strong links to soil degradation is aggregate 
stability, which represents the ability of soil aggregates to bind together and 
withstand erosive forces. Here, we report on results of a long term grassland 
biodiversity experiment, where we tested for the effects of plant diversity on soil
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aggregate stability. The Le Bissonnais method of aggregate stability analysis was 
used to measure the potential for soils from different diversity treatments to break 
down under three different environmental conditions: (i) slaking; (ii) slow wetting; 
and (iii) mechanical breakdown. Root trait measurements, and glomalin analysis, 
were also made to evaluate the role that they play in affecting soil aggregate stability. 
It was revealed that increasing plant species richness benefitted soil aggregate 
stability, and that plant community composition, root traits, glomalin, and organic 
matter all played a significant role in these dynamics.
4.1 Introduction
Soil aggregate stability is a fundamental component of soil physical structure, 
representing the capacity for soil aggregates to resist breakdown from the effects of 
erosive agents, such as water (Le Bissonais 1996, Barthes et al. 2002). In the coming 
century, a predicted increase in the intensity of severe hydrological events (Gordon 
et al.1992, Fowler et al. 2009, Diffenbaugh et al. 2013) poses a significant threat to soil 
aggregate structure, with the potential to intensify the breakdown of aggregates by 
processes such as slaking; microcracking; and mechanical disturbance. It is well 
established that plants influence soil aggregate stability, through the capacity of 
plant roots and arbuscular mycorrhizal (AM) fungal hyphae to physically enmesh 
particles, the soil-binding nature of root and microbial exudates, and the cohesive 
capabilities of plant-derived organic matter (Tisdall and Oades 1982, Degens et al. 
1994, Angers and Caron 1998, Six et al. 2004). Plant characteristics relevant to soil 
stability mechanisms are those that invest large root mass belowground (Mamo and 
Bubenzer 2001, Gyssels et al. 2005, Peres et al. 2013) leading to more organic input
into the soil. Furthermore, greater root length also benefits aggregation (Pohl et al. 
2009), by increasing the spatial extent that plants can exert these soil-binding 
capabilities. Plant functional groups that display expansive rooting strategies to 
acquire belowground resources, such as grasses, therefore increase soil aggregate 
stability, whilst the presence of functional groups that need not root so extensively, 
for example the N-fixing legumes, could result in less stable aggregation. Also, traits 
that stimulate growth of soil fungal communities play a crucial role in soil 
aggregation regimes (Oades and Waters 1991, Ritz and Young 2004); not only do 
their expansive hyphae act to enmesh microaggregates together, but the build-up of 
glomalin in the hyphal walls has been postulated to have a robust cementing effect 
upon soils too (Rillig et al. 2002).
Glomalin is a glycoprotein produced by AM funghi. Since the discovery of the 
presence of glomalin in fungi and soils in the mid-1990s (Wright and Upadhyaya 
1998), evidence has revealed good correlation between glomalin and soil binding 
mechanisms. Because of the highly recalcitrant properties of this substance, positive 
correlations have been found between glomalin related soil protein (GRSP) content 
of a soil, soil aggregate stability, and subsequent soil carbon sequestration (Wright 
and Uphyaya 1998, Rillig et al. 2002, Treseder and Turner 2007). Although plant 
diversity has been found to influence AM fungal communities in the soil (De Deyn
2009), the effect of increasing plant diversity on glomalin levels in the soil is 
unknown, and therefore the consequences for soil stability remain unexplored.
If individual plant species are able to impact on soil aggregates, through the actions 
of their belowground traits, it is likely that diversity can impact on soil structure too.
We know that a loss of plant diversity within a community can lead to a reduction in 
primary productivity; changes to root properties; and shifts in nutrient cycling 
regimes (Hector et al. 1999, Steinbess et al. 2008, Bessler et al. 2009, Eisenhauer et al.
2010). These processes all have the potential to influence the aforementioned 
mechanisms by which plants impact on soil aggregates. Although receiving very 
little attention in the biodiversity-ecosystem function literature, a very small number 
of studies have examined this relationship within grassland communities. In an 
alpine survey, Pohl et al. (2009) found a positive correlation between plant diversity 
and soil aggregate stability. Further work was conducted by Peres et al. (2013) at a 
subset of plots on the biodiversity manipulation experiment in Jena, Germany, 
finding an increase in aggregate stability between monocultures and mixed species 
communities. A pattern begins to emerge from these studies, suggesting higher 
species richness within a community could have strong effects over soil aggregates. 
However, this relationship lacks sufficient experimental evidence, having never been 
studied on a large diversity gradient.
The overall goal of this chapter was to investigate the impact of increased plant 
species richness on soil aggregate stability across a large scale plant diversity 
gradient. We suggest that a community of higher species richness will not only 
comprise a wider variety of soil-binding traits, beneficial to aggregate stability, but 
will also influence aggregate stability through species-richness induced effects on the 
biological and biochemical properties of the soil. To investigate this, we aimed to test 
how diversity impacts on aggregate stability, via changes in root behaviour, organic
93
matter, and glomalin content of the soil, and through the contribution of different 
plant functional groups within a community.
4.2 Methods
4.2.2 Experimental design
The study was undertaken at the Jena Experiment, a large scale plant manipulation 
experiment on the outskirts of Jena, Germany (50°55/N, 11°35,E). The site is built 
upon the floodplain by the Saale River, and the soil is a Eutric Fluvisol. Mean annual 
temperature is 9.3 °C with annual precipitation of 587 mm (Kluge and Miiller- 
Westermeier 2000). Soil texture ranges from silty clay to sandy loam with increased 
distance from the river. This change in soil composition is incorporated into the 
parallel block design of the experiment, with each block encompassing a slight 
change in soil texture.
The experiment was established in May 2002. From a pool of 60 species, a gradient of 
plant species (1, 2, 4, 8,16, and 60) and functional group richness (1, 2, 3, and 4) was 
sown in a total of 82 plots of 20 x 20 m (For further experimental design, see Roscher 
et al. 2004). The species chosen were representative of Central European mesophilic 
grassland, pooled into four functional groups: grasses, legumes, small herbs, and tall 
herbs. Species and functional group richness is replicated over four blocks, whilst 
mixtures within blocks are fully randomised. Plots are mown twice a year, in June 
and September, and weeded regularly to maintain original species composition.
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Sampling
Sampling was undertaken in June 2012, ten years after establishment of the 
experiment, and just after the biannual harvest of aboveground plant biomass.
Within a 0.3 * 1.6 m allocated strip per plot, two topsoil (~ 10 cm depth) clod samples 
were extracted with a trowel, and three 3.2 cm diameter cores were taken to 10 cm 
depth. To ensure minimal disruption of the aggregate structure, the two soil clods 
were carefully wrapped in protective lining before transportation to Lancaster 
University, UK, for analysis of soil aggregate stability. The three soil cores per plot 
were bulked and remained in Jena for root trait analysis.
4.2.2 Soil Analysis
The soil samples for aggregate analysis were air dried as a clod, before being passed
through a 5 mm sieve, after which the 2-5 mm aggregate size fraction was selected
for testing. Aggregates were then placed in an oven at 40 °C for 24 hours whereafter
moisture loss ceased and a constant matric potential resulted, before undergoing
stability testing. The Le Bissonais method (1996) was used to determine aggregate
stability, which subjects the aggregates to three breakdown mechanisms representing
different environmental pressures: slaking (rapid immersion in water for 10
minutes), microcracking (slow wetting on a -0.3KPa tension table for 1 hour), and
mechanical breakdown (placing in a 250ml conical flask and agitating end over end
10 times). After the breakdown mechanisms, each aggregate sample was wet sieved
in ethanol before oven drying and measuring the eventual aggregate size distribution
(Le Bissonais 1996). The Mean Weight Diameter (MWD) of each post-breakdown
aggregate sample was used as the measure of aggregate stability. This methodology
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yields three MWD's, one for each breakdown mechanism. In addition, aggregates 
were also used for determination of organic matter content using the loss on ignition 
method, which involved placing the soil in a furnace at 560°C for 6 hours to ignite all 
organic matter. Soil aggregate samples were also sent to the Department of Soil 
Quality, Wageningen University, Netherlands, for determination of glomalin-related 
protein (GRP) (see Rosier et al. 2006, Koide and Peoples 2013).
4.2.3 Root Analysis
Soil cores for root measurement were washed of all soil, and placed in a water-filled 
clear tray and scanned. Root images were analysed with WinRhizo (Regent 
instruments, Quebec, Canada) software to determine total root length of a sample. 
Root Length density (RLD) was calculated as total length per unit of soil and Root 
Mass Density (RD) was determined by dry mass of roots per unit of soil.
4.2.4 Data Analysis
Data for species richness and root length and mass density were log transformed in 
order to reach assumptions for normality. ANOVA as part of a general linear model 
(GLM, type 1 sum of squares) was used to analyse the effects of block (BL), plant 
species richness (SR), plant functional group richness (FR), the presence of grasses 
(G), legumes (L), small herbs (SH), and tall herbs (TH), on each of our measured 
responses. This resulted in seven models, one for community effects on each of the 
four biological responses: root length (RLD), root mass (RD), glomalin-related 
protein (GRP) and organic matter (OM); and then one for community effects on each 
of the aggregate stability responses: slaking (MWDf), microcracking (MWDs),
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mechanical breakdown (MWDm). In all ANOVAs, block effects were fitted first, 
followed by the diversity effects of species and functional group richness. In order to 
conclude which diversity measure -  species or functional group richness -  was a 
more powerful predictor, we ran each model twice, alternating the order of these two 
diversity measures. Therefore, we present values for the result of fitting species 
richness before, and then after, functional group richness effects. After fitting the 
diversity measures, the presence/absence of each functional group was included. 
Because we alternated the order of functional group presence in the model, the F 
values given in the text and tables refer to those where the respective factor was 
fitted first (Schmid et al. 2002).
We used path analysis to see if plant community dynamics were directly related to 
soil aggregate stability, or whether it is an effect caused by plant community 
contributions to the root, glomalin, and organic matter characteristics of the soil. We 
designed the path analysis based on the ANOVA results, and further linear 
regression between the root, glomalin, and organic matter properties and the 
aggregate stability properties at each plot. Three path analyses were performed, one 
for each aggregate breakdown measure. In each model, we used species richness, the 
presence of grasses and the presence of legumes as exogenous variables (chosen from 
prior ANOVAs), with RLD, RD, GRP and OM as endogenous variables. In the full 
model, all potential pathways were supported by previous ANOVA or linear 
regression. After the full model was fitted, we performed stepwise model selection 
based on non-significant x2 tests and Akaike's information criterion (AIC) values, 
removing non-significant pathways to improve the model fit. Plant species richness
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and the presence of grasses and legumes were correlated in the models. Path analysis 
were performed using Amos (v20, Amos Development Corporation), all other 
analyses were carried out in R.3.0.1 (R Development Core Team, 2013).
4.3 Results
4.3.1 Soil aggregate stability
There was a significant positive relationship between higher plant species richness 
and all three measures of aggregate stability (slaking: Fi,70=75.89, PcO.OOOl; 
microcracking: Fi,70=27.68, PcO.OOOl; and mechanical breakdown: Fi,70=53.65,
PcO.OOOl) (Table 4.1, Figure 4.1a-c). This relationship was so pronounced, it even 
remained significant after the effects of species richness were fitted behind functional 
group richness in the model (Table 4.1). All three measures of aggregate stability 
were also positively affected by increased plant functional group richness, but only 
when fitted in the model prior to species richness; including species richness 
beforehand nullified any functional group richness effect (Table 4.1, Figure 4.1d-f). 
After accounting for variance attributed to the richness properties, we investigated 
the impact of the presence of grasses, legumes, tall herbs and short herbs upon soil 
aggregate stability. The presence of grasses significantly increased aggregate stability 
(slaking: Fi,7o=30.09, PO.OOOl; microcracking: Fi,7o=5.10, P<0.05; mechanical:
Fi,70=12.39, P0.001), whilst the presence of legumes significantly decreased all three 
of these stability measures (slaking: Fi,70=29.96, PO.OOOl; microcracking: Fi,7o=7.73,
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P<0.01; mechanical: Fi,7o-12.94, P<0.001). Block effects also showed a significant 
relationship with all three measures of aggregate stability (Table 4.1).
We detected significant positive relationships between root mass, root length, 
aggregate organic matter, and glomalin-related protein content upon all three 
measures of aggregate stability (Fig. 4.2). Subsequent path analysis was employed in 
order to disentangle some of the potential mechanisms underlying plant community 
impacts on soil aggregate stability (Fig. 3, Supplementary Table 1). Not only did 
species richness have a direct positive effect upon soil aggregate stability, it also 
influenced aggregate stability indirectly, by increasing root mass and organic matter 
content of the soil, mechanisms which subsequently benefitted all three aggregate 
stability measures (Fig.4.3). Grasses positively influenced two of the aggregate 
stability measures (slaking, and mechanical stability) directly, and influenced 
aggregate stability indirectly by providing greater root mass (for the case of slaking, 
microcracking, and mechanical breakdown) and greater root length (for slaking 
alone) in the soil. Legumes only showed significant negative effects on one of the 
aggregate stability measures, slaking, both directly, and indirectly through reduced 
root length in the soil. Our path analysis explained 27% of variation in root mass, 
27% of variation in root length, 20% of variation in organic matter, 59% of variation 
in glomalin-related protein. For the three aggregate stability measures, it explained 
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(In) Sown species richness Functional group richness
Figure 4.1: Relationship between sown species richness (log transformed) (a-c) and 
functional group richness (d-f) and the mean weight diameter (MWD) of each of the 
aggregate breakdown measures (slaking, microcracking, mechanical breakdown). 
Trendlines indicate significant effect of richness on aggregate stability (P < 0.05).
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4.3.2 Soil biotic activity: root properties, organic matter, and glomalin
Plant species richness significantly increased root mass (Fi,70=14.64, P<0.001), 
glomalin-related protein (Fi,70=17.36, P<0.0001), and organic matter content 
(Fi,70=32.35, PcO.OOOl) of soil aggregates (Table 4.1), and this relationship remained 
significant even after accounting for effects of functional group richness in the model 
(Table 4.1). Functional group richness also increased root mass (Fi.7o=8.81, P<0.01), 
glomalin-related protein (Fi,7o=6.47, P<0.05) and organic matter content (Fi,7o=15.54, 
PO.OOl) of aggregates, but only when fitted in the model prior to species richness 
(Table 4.1); including species richness beforehand nullified any functional group 
richness effects. Neither plant species richness nor functional group richness had any 
significant impact on root length (SR: Fi,7o=0.91, P=0.34; FR: Fi,7o=0.34, P<0.56), 
although the presence of grasses significantly increased both root length and root 
mass, and the presence of legumes significantly reduced this measure. No 
relationship was found between the presence of grass or legumes on aggregate 
organic matter content or glomalin-related protein (Table 4.1). There was a block 
effect on glomalin-related protein and organic matter content of the soil, but no 
effects on root length or mass were detected.
4.4 Discussion
This chapter revealed a significant positive impact of higher plant diversity upon soil 
aggregate stability. The study also highlights the potential mechanisms of this 
relationship! greater species richness increased root mass, organic matter, and
104
glomalin content within the soil, all of which subsequently benefitted soil stability. In 
addition, we found that the presence of grasses allowed greater aggregate stability, 
by increasing community root mass and length. Contrastingly, the presence of 
legumes had negative effects on aggregate stability, by contributing less root length 
within the soil.
4.4.1 Impact of plant diversity on soil aggregate stability
Higher plant diversity, represented both by species and functional group richness, 
had a significant positive impact on all measures of aggregate stability, with species 
richness rather than functional group richness being the dominant driver. Although 
this experimental set up did not allow us to investigate individual contributions from 
each species within a community, we do know from Chapter 3 that individual 
species differ in the extent that they control soil physical properties (Scott 1998, Rillig 
et al. 2002, also Chapter 3). These findings not only confirm the hypothesis that plant 
diversity enhances soil aggregate stability, a key measure of soil structure, but also 
suggests that contributions toward aggregation from several different species within 
a plant community could act in contrasting ways alongside one another.
The positive impact of species richness on soil aggregates was not only explained by 
direct species interactions; diversity also determined aggregate dynamics through 
the contributions of increased species richness to soil biotic properties. Root mass 
and organic content of the soil were increased by higher plant diversity, which had 
cascading effects on all three types of soil aggregate stability. Organic inputs to the 
soil, such as decaying plant matter and root exudates, are an integral part of the 
aggregate forming process (Oades and Waters 1991), acting like glues as a
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fundamental part of aggregation. They bind microaggregates into macroaggregates, 
contributing toward a more stable soil structure. Roots not only provide a spatial 
platform for the release of organic exudates into the soil, but also form part of the 
aggregation process themselves, enmeshing soil particles and organic matter 
together (Miller and Jastrow 1990, Gyssels et al. 2005). Plant diversity increases the 
intensity of these processes, by altering root properties in such a competitive 
environment.
We found significant increases to glomalin content of the soil as a result of higher 
species richness. Glomalin-related protein displayed a positive relationship with soil 
aggregate stability. It has been postulated that the recalcitrant properties of glomalin 
contribute to persistent aggregate binding; both our linear regression, and past 
studies (Wright and Upadhyaya 1998, Rillig et al. 2002, Driver et al. 2005), support 
this process. Glomalin is deposited in soil mainly through the degradation of 
mycorrhizal hyphae, and, as well as binding soil, it is a hydrophobin and hence alters 
the wetting behaviour of soils; by impeding soil wetting, aggregate stability is 
enhanced due to reduced slaking (Guggenberger et al. 1999). Nonetheless, any 
influence of glomalin is intertwined with the effects of organic matter on soil 
stability, which path analysis proved to be a better predictor of soil stability than 
glomalin itself.
4.4.2 Impact of functional group identity on soil aggregate stability
The results show that the presence of different plant functional groups played an 
important role in promoting soil aggregate stability. In all cases, the presence of 
grasses lead to increased aggregate stability, which is consistent with previous
results that show grasses to benefit soil aggregation (Chapter 3, Rillig et al. 2002; 
Jastrow 1987). Grasses produces large amounts of fine roots within the topsoil, an 
exploitative strategy to maximise resource uptake (Hodge 2003). This results in an 
extensive area of root coverage belowground (Bessler et al. 2009), providing a 
platform for microbial activity and organic exudation into the soil. As previously 
discussed, these mechanisms will act to bind soil micro aggregates (pm scale) 
together into the stable aggregates (mm scale) we have seen here. Although the 
benefits of grasses to root length only directly influenced stability against slaking, 
and not the other two measures of aggregate stability, all three forms of breakdown 
benefitted from the increased root biomass in the soil.
In contrast to grasses, the presence of legumes in mixtures led to poorer aggregate 
stability. This disparity between grasses' and legume's contribution toward 
aggregate stability is a consequence of the contrasting belowground strategies of 
each functional group. Through their association with nitrogen fixing bacteria, 
legumes increase soil nutrient availability, and as a consequence need not root so 
expansively to acquire resources. As root length has a positive relationship with all 
forms of aggregate breakdown, this will reduce the area of influence over 
aggregation, and lead to a diminished contribution of legumes toward soil structure. 
Legumes often contribute a substantial role in ecosystem function studies, 
influencing key nutrient cycling processes (Spehn et al. 2002, Milcu et al. 2008). To 
our knowledge, very few studies have investigated the role of legumes upon soil 
physical structure before, aside from some anecdotal evidence noting the 
contribution of legumes toward increased soil friability (Mytton and Cresswell 1992)
Our findings, of a negative impact on aggregate stability, do concur with this; 
although planting legumes will provide less stable soil aggregation, this will no 
doubt help to break up the soil and increase friability. Much like their impact on 
biochemical processes, in terms of contributions to physical properties we now find 
them to be a functional group of major importance.
4.4.3 Disparity between aggregate breakdown measures
We measured three forms of soil aggregate breakdown, and although the general 
trend of results showed similarities between all three mechanisms -  i.e. a positive 
effect of species richness, and the significance of grasses, legumes, roots and organic 
matter in soil binding -  our study highlights several differences between aggregate 
measures too. The two most aggressive breakdowns: slaking and mechanical 
disruption, were positively affected by root properties, whilst microcracking, 
governed more so by the internal shrink-swell capacity of the aggregate, displayed 
no such dependency on root mass or length. Stability against slaking is dependent 
upon the hydrophobicity of aggregates; often an artefact of the fine root and fungal 
hyphae exudates of a belowground community (Abiven et al. 2007), explaining why 
our path analysis showed slaking to be the only breakdown directly relating to root 
length. It is not surprising that slaking breakdown was thus the most responsive to 
plant community dynamics, with over 70 % of its variation explained by our path 
analysis, because of its inherent reliance on soil root and fungal behaviour. 
Interpreting these results into consequences for soil degradation could therefore vary 
depending on the relevant breakdown mechanism. Soils subjected to intense rainfall 
events, that would cause rapid flooding and heightened raindrop impact at the soil
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surface, would benefit from the presence of grasses, but breakdown more rapidly 
under legumes. Microcracking of soils, which would result from gentle increases in 
the wetting of soils over time, was less sensitive to plant community dynamics 
compared to the other two breakdowns. Nonetheless, all three stability measures 
clearly benefitted from increases in biodiversity.
4.5 Conclusion
The major finding of this study was that an increase in plant diversity resulted in a 
positive impact to soil aggregate stability. The response of aggregates related not 
only to diversity-induced changes in the root, organic matter and glomalin structure 
belowground, but also to the presence of particular functional groups; relationships 
that have been rarely studied before. Although studies on the biodiversity-ecosystem 
function relationship have provided us with a wealth of information on how 
reductions in diversity could lead to shifts in productivity, nutrient cycling, and 
microbial activity, we reveal that the impact of species loss could have farther 
reaching implications than first thought; declines in biodiversity could have 
detrimental effects on soil physical quality too. Our results are highly significant for 
situations where the management of soil structure is important, for example: 
flooding, erosion control, water movement through soils, and transport of 
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5. The influence of management intensity and plant community composition on 
soil physical properties of temperate grassland: A field study
Gould, I.J., Quinton, J.N., Ward, S.E., Quirk, H, and Bardgett, R.D
Chapters 3 and 4 have revealed that plant diversity can have a strong influence over 
soil physical properties, in both highly-controlled model communities, and larger 
manipulated experimental plots. However, these two chapters cannot determine the 
importance of this relationship when regarding real environmental context of 
managed grasslands. Across the globe, grasslands are managed for agricultural 
production, and therefore this chapter will explore the impact of grassland 
management on the biodiversity-physical property relationship.
Abstract
Grasslands cover a large proportion of the UK land surface, generally in areas of 
higher rainfall and steeper topography, making them important systems for studying 
the processes of soil stability. Research has found many significant effects of 
grassland management and plant community composition on ecological responses, 
such as productivity, nutrient cycling and microbial communities. However, very 
little is known of how grassland plant community composition could impact on the 
soil hydrological environment.
We conducted a survey across a range of grassland sites of Northern England in 
order to investigate relationships between grassland management, plant diversity, 
and soil physical properties. We tested soils, from fields of improved and 
unimproved land management, for three measures of aggregate stability (slaking,
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microcracking, and mechanical breakdown) and saturated hydraulic conductivity. 
Despite a few site-specific effects, overall, management had no significant effect on 
soil physical properties, but did influence plant rooting activity. Although a positive 
correlation was determined between plant diversity and one of the aggregate 
stability measures, most other physical properties showed no relationship with plant 
diversity in the managed field, instead showing closer associations with soil texture, 
carbon, and root properties.
5.1 Introduction
Grasslands form an essential component of our agricultural landscape, and constitute 
an estimated 40% of the global land area. Since the advent of cost-effective and easily 
available fertilisers, the intensity of management, and consequent levels of 
production, of most grassland pastures has increased dramatically (FAO 2014). 
Throughout much of Europe, for example, the last half-century has witnessed a 
major shift in the management of grasslands from traditional practices of farmyard 
manure application and light grazing, to intensive, high N-input systems with high 
yields and grazing pressures (Hopkins and Wilkins 2006, Dungait et al. 2012, Eisler et 
al. 2014). Although this shift has led to economic gain, it has also had significant 
negative impacts on the wider environment, causing declines in biodiversity 
(Donnison et al. 2000, Klimek et al. 2007, Kirkham et al 2014) and increased pollution 
due to leaching and runoff of nutrients, leading to eutrophication of adjacent 
waterways (Hooda et al. 2000, Bilotta et al. 2010).
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Changes in grassland management intensity can significantly impact soil physical 
structure both directly, via increased trampling and machinery usage, which 
increases soil compaction, disrupts aggregation, and impedes hydraulic conductivity 
(Greenwood and Mckenzie 2001, Zhou et al. 2010), and indirectly, through shifts in 
vegetation composition and reductions in diversity brought about by changes to 
management intensity (Pohl et al. 2009). Shifts in vegetation diversity and 
community composition have been linked to changes in a range of biological and 
biogeochemical ecosystem processes (Hooper & Vitousek 1998, Fornara & Tilman 
2008, Eisenhauer et al. 2010). Very little is known, however, about how changes to 
plant communities resulting from management intensity impact the soil physical 
environment. Different species and functional identity of plants within a community, 
such as grasses, legumes and forbs, exhibit contrasting root traits belowground 
(McLaren et al. 2004, Pohl et al. 2011). Shifts in aboveground composition, leading to 
gains or losses in the abundance of any particular functional group, result in changes 
in the overall root properties of a plant community (Mueller et al. 2013). These root 
traits hold a governing role over many soil physical properties: not only do they act 
to bind soil particles together to form stable aggregates, thus reducing particulate 
losses, but they also affect soil water flow, and subsequent mobility of entrained 
particles (Mamo & Bubenzer 2001, Gyssels et al. 2005, De Baets et al. 2007, Duran 
Zuazo & Rodriguez Pleguezuelo 2008). Shifts in plant community composition 
therefore have the potential to impact on soil physical processes, with consequences 
for soil erosion and water pollution.
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Here, we investigated how differences in the intensity of management, and 
consequent shifts in the diversity and composition of plant communities, impact soil 
physical properties of grasslands. In doing so, we first aimed to test how 
intensification (i.e. the direct impacts of fertilisation, machinery and grazing 
intensity) affects soil physical properties. Our second aim was then to see whether 
any changes in soil physical properties are related to changes in vegetation 
composition and the variation in root characteristics belowground. This experiment 
measured soil aggregate stability, bulk density and soil hydraulic conductivity.
These properties act as indicators of soil breakdown and water flow dynamics, which 
are soil processes of concern in grassland erosion dynamics (Barthes and Roose 
2002).We hypothesised that an increase in management intensity leads to declines in 
the quality of soil structure, which is, aside from the substantial impact of physical 
pressures such as trampling and machinery compaction, in part related to 
reductions in plant diversity, and subsequent changes to the overall community 
rooting structure belowground. This relationship was tested on a range of sites in 
northern England, of both intensive and extensive management.
5.2 Methods
5.2.1 Study sites and sampling
Sampling was undertaken in June 2011 at five grassland sites within a 30 km radius 
of each other in northern England: Askrigg Bottoms (ASK) (National Grid Reference- 
SD9590), Yockenthwaite (YT) (NGR- SD9178), Waldendale Meadows (WLD) (NGR-
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SE0083), and Thornton Rust (TR) (NGR-SD9789) in the Yorkshire Dales, and 
Ravenstonedale (RD) (NGR- NY7204) in Cumbria. Each site consisted of two adjacent 
commercial fields of contrasting levels of management intensity: one improved, 
intensively managed field, receiving > 50kg N ha-1 per year, and one unimproved, 
extensively managed field under traditional management (de Vries et al. 2012). Each 
paired field had the same soil type, climate and topography, so the main difference 
between the sites was long-term management history. See Table 5.1 for a summary of 
the soils. Within each field, four lm  x  lm  quadrats were randomly allocated, and we 
recorded the presence of all plant species and percentage cover of grasses, legumes 
and forbs. For each plot, vegetation data were used to calculate species richness, the 
percentage cover of the main plant functional groups (grasses, legumes, and forbs), 
and the Shannon-index of diversity (H= -ERilnPi where P\ is proportional abundance 
of species i). Within each quadrat, two soil cores were extracted to 100 mm depth, 
one 50 mm diameter core for soil and root analysis and one 64 mm diameter core for 
hydraulic conductivity analysis, and taken back to Lancaster University for analysis 
of root and soil properties.
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Table 5.2: Summary of site soil properties 
Site Management Soil Texture FAO Classification
Askrigg Intensive Fertilised (>100 kg N ha 1 y a), Grazed Sandy Silt Loam Eutric Gleysol
Extensive Unfertilised, Extensively grazed, Annual Cut Sandy Silt Loam Eutric Gleysol
W aldendale Intensive Fertilised (>100 kg N ha-1 y-1), Grazed Sandy Loam Eutric Gleysol
Extensive Unfertilised, Extensively grazed, Annual Cut Sandy Silt Loam Eutric Gleysol
Ravenstonedale Intensive Fertilised (>100 kg N ha-1 y '1), Grazed Sandy Silt Loam Orthic Podzol
Extensive Unfertilised, Extensively grazed, Annual Cut Sandy Silt Loam Orthic Podzol
Tornton Rust Intensive Fertilised (>100 kg N ha-1 y '1), Grazed Sandy Silt Loam Eutric Gleysol
Extensive Unfertilised, Extensively grazed, Annual Cut Sandy Silt Loam Eutric Gleysol
Yockenthwaite Intensive Fertilised (>100 kg N ha-1 y-1), Grazed Sandy Silt Loam Eutric Gleysol
Extensive Unfertilised, Extensively grazed, Annual Cut Sandy Silt Loam Eutric Gleysol
5.2.2 Root analysis
Soil and root samples from the 50 mm diameter cores were deposited onto trays, 
where soil aggregates  ^3 mm were removed for measurement of aggregate stability 
(see Soil analysis). The remainder of the sample was used for root trait analysis. 
Visible roots were removed by hand, whilst wet sieving of the remaining soil sample 
allowed the extraction of finer roots. All roots extracted were combined for each core 
and stored in 15 % ethanol at 4°C until root measurements were undertaken. Total 
root length and average root diameter (Rdiam) were determined using WinRhizo 
software (Regent Instrument, Quebec, Canada). Roots were then dried at 70°C for 48 
hours to determine root dry mass. Root length density (RLD) and root mass density 
(RD) was determined by dividing the root length and dry mass, respectively, by the 
volume of soil in the sampling core. Specific root length (SRL) was calculated in 
metres per gram from the length and mass measurements of each sample.
5.2.3 Soil analysis
The aggregates extracted from the 50 mm diameter cores were air dried before being 
passed through a 5 mm sieve, after which 2-5 mm aggregates were selected for 
aggregate stability analysis. 15 grams of these aggregates were placed in an oven at 
40 °C for 24 hours to ensure constant matric potential, before undergoing stability 
testing. The Le Bissonais method (1996) was used to determine aggregate stability, 
which subjects the aggregates to three breakdown mechanisms: (i) slaking, under fast 
wetting; (ii) microcracking, under slow wetting; and (iii) mechanical breakdown. 
After these breakdown mechanisms, each sample was wet sieved in methylated 
spirits before drying and measuring the eventual aggregate size distribution. The 
Mean Weight Diameter (MWD) in mm of each post-breakdown aggregate sample 
was used as the measure of aggregate stability, resulting in three MWD values for 
each sample point: slaking MWD; microcracking MWD; and mechanical breakdown 
MWD.
The 64 mm diameter cores were saturated in deionised water for 48 hours before 
undergoing testing for saturated hydraulic conductivity. We used a constant head 
permeameter method to determine hydraulic conductivity. A constant head of water 
was maintained above the soil sample, creating a steady hydraulic gradient (AH) 
though the soil and into an outflow. Over time, discharge is measured (Q), and along 
with the length (L) and cross-sectional area (A) of the soil column, we were able to 
calculate a value for the saturated hydraulic conductivity (K sa t):
Q x L
K s a t  ~  A H x A
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Where K sat indicates saturated hydraulic conductivity, Q  is the discharge (volume per 
unit time), L is the length of the sample, AH is the change in head, and A is the 
sample cross sectional area. Readings were taken until steady state flow was reached, 
whereby the average discharge over two concurrent readings was used for each 
sample.
After saturated hydraulic conductivity was determined, we measured the bulk 
density of each sample by drying at 105°C for 48 hours and dividing the dry mass of 
soil by the volume of core extracted. We measured organic matter of each sample by 
subjecting a subsample of dry soil to 6 hours in a 560°C furnace in order to bum  off 
all organic content. Carbon content of soil was determined using an Elementar Vario 
EL elemental analyser (Hanau, Germany). We also determined the sand, silt and clay 
content by dispersing each sample in sodium hexametaphosphase solution and 
analysing particle size distribution with a Malvern Mastersizer 2000MU, running 
each sample three times (Armstrong et al. 2011).
5.2 .4  S tatistical Analysis
To meet the assumptions of normality, we transformed the variables: grass, forb, 
legume cover and clay content using arcsine square root transformation; mechanical 
breakdown MWD with square root transformation; and hydraulic conductivity and 
root density with log transformation. All field data were analysed using linear mixed 
effects models. Firstly, differences resulting from field management on soil physical 
properties, community root traits, and diversity properties, were first tested using 
ANOVA analysis, with site included as a random effect. For each site, differences in 
measured physical properties (aggregates, hydraulic conductivity) were further
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assessed using t-tests. We then investigated the correlative relationship of both 
aggregate stability and hydraulic conductivity with all other measured root, soil and 
plant community parameters using linear regression. To account for land 
management intensity, we this time included field as a random effect. All 
calculations were performed with the software R 3.0.1 (R Development Core Team).
5.3 Results
When data were pooled across all sites, slaking aggregate stability and microcracking 
aggregate stability were only marginally lower, found to be non-significant, in the 
intensive than the extensive grasslands. Likewise, we detected no significant 
difference in mechanical aggregate stability, hydraulic conductivity, or bulk density 
between intensive and extensive grasslands when data were pooled across all fields. 
When data were analysed at the individual site level, however, t-tests found 
aggregate stability to be lower under intensive than extensive management at 2 of 
the 5 sites (Figure 5.1). At the Waldendale site, two of the three aggregate stability 
measures were reduced under intensive management (Slaking MWD by 13 %,
P<0.05; and mechanical breakdown MWD by 16 %, PO.OOl); at Thorntun Rust, 
slaking MWD was 55 % lower (P<0.05), and at the Yockenthwaite site, microcracking 
MWD was 5 % (P<0.05) lower respectively under intensive management. Across all 
sites, root length density (Fi,34=7.83, p<0.01) and root mass density (Fi,34=17.22, 
p<0.001) were reduced by intensive management (Table 5.2), but had no significant 
impact on root diameter or specific root length (Table 5.2). Intensive management
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also reduced plant diversity across all sites (Richness: Fi,34 = 14.00, p<0.001; Shannon: 
Fi,34= 14.10 ,p<0.001).
The use of linear regressions highlighted relationships between plant community, 
soil, and root properties and the aggregate and hydrological responses (Table 5.3). 
Across all sites and both land use intensities, we found a weak positive relationship 
between Shannon index and aggregate stability against slaking (Fi,29 = 4.56, P<0.05, R2 
= 0.18). However, microcracking and mechanical breakdown aggregate stability, and 
saturated hydraulic conductivity, showed no relationship with any of the measured 
plant community properties (Table 5.3). Soil properties showed no significant 
relationship with slaking, however, microcracking stability was weakly positively 
related to soil C content, although not significant (Fi,29 = 3.27, P<0.1, R2 = 0.06), and 
mechanical breakdown stability was positively and negatively correlated with soil 
silt (Fi,29 = 7.20, P<0.05, R2 = 0.16) and sand (Fi,29 = 4.49, P<0.05, R2 = 0.09) respectively. 
The bulk density and organic matter content of soil did not show a significant 
relationship with saturated hydraulic conductivity. These two soil properties had no 
correlation with any aggregate stability measures either. Of the plant root properties, 
the only significant relationship detected was a weak negative relationship between 
root density and saturated hydraulic conductivity (Fi,29 = 5.38, P<0.05, R2 = 0.15). Root 
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Figure5.1: Impact of grassland management on the three measures of soil aggregate 
stability (slaking, microcracking, and mechanical breakdown) at each of the five sites 
studied. Dark shading represent intensive management, light shading bars represent 
extensive management. Bars signify ± 1 S.E. Significant differences between 
managements are denoted by e>P<0.1, * P<0.05, ** P<0.01, *** P<0.001. ASK -  Askrigg, 
WLD -  Waldendale, RD -  Ravenstonedale, TR -  Thornton Rust, YT -  Yockenthwaite.
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5.4 Discussion
The goal of this chapter was to investigate the influence of grassland management 
upon aggregate stability and soil hydrology, aiming to highlight any significant 
relationships between plant community composition, root properties, and these 
physical processes. In general, although there was no significant effect of 
management on soil stability, there were several site specific differences where 
intensifying management reduced soil aggregate stability. We also found no effect of 
management on soil hydraulic conductivity. Plant diversity, represented by Shannon 
index, showed significant links with slaking aggregate stability. However, aggregate 
stability against microcracking and mechanical breakdown had no relationship with 
any plant community measures, and only related to soil properties. Saturated 
hydraulic conductivity also had no relationship with plant community composition, 
but did correlate with both soil and root properties.
Although not significant across all fields, soil aggregate stability was in general lower 
in intensively managed than in extensively managed grasslands in two of the five 
sites tested. Aggregate breakdown under slaking, microcracking, and mechanical 
disruption increased in these sites under intensified systems, suggesting negative 
effects of intensive farming on soil structure, however these differences were not 
significant when all sites were pooled together. In addition, there was no effect of 
management on saturated hydraulic conductivity, or bulk density of the soil, which 
is surprising, given the compacting nature of increased grazing and machinery use, 
and the contrasts in root density between managements; two factors known to have 
profound effects on soil water processes (Greenwood and Mckenzie 2001, Powis et
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al. 2003, Macleod et al. 2013). Furthermore, extensively managed grassland have been 
shown to reduce nutrient leaching, an ecosystem process controlled by soil hydraulic 
conductivity, more effectively than their intensively managed counterparts (de Vries 
et al. 2012), our work now suggests this is likely due to greater nutrient retention 
within the system, and not a result of changes to the rate of water loss through the 
soil.
One potential explanation of the tendency for lower aggregate stability in some of the 
grassland sites, is through reductions in plant diversity. The increased nutrient 
loading, associated with intensive land use, reduces plant diversity in grasslands 
(Stevens et al. 2004, Klimek et al. 2007), as we found in this study. Greater nutrient 
availability gives fast-growing species, more adept at easily-available resource 
acquisition, a competitive advantage (Haddad et al. 2000), resulting in the dominance 
of a select group of plants in the system, which were found in our surveys, and a 
reduction in overall species richness. Despite no significant effects of management 
on soil structural properties, across all sites, this study did find that some measures 
of soil aggregate stability responded to plant community dynamics. In particular, we 
found a significant positive relationship between measured Shannon Index and 
aggregate stability against slaking breakdown. Although this relationship might not 
be causative, it suggests that removal of a number of species from a community 
could therefore not only have the well-documented negative consequences for 
biological and biochemical ecosystem processes (Hooper & Vitousek 1998, Fornara & 
Tilman 2008, Eisenhauer et al. 2010), but also for some physical processes too. 
However, although there were positive links between diversity and slaking
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aggregate stability, we found no such relationship with the other aggregate stability 
measures, microcracking and mechanical breakdown.
Regardless of management regime, all soils exhibited very high aggregate stability, 
which could explain the contrasts in aggregate breakdown responses. In highly 
aggregated systems, the positive effect of soil biota, a very influential component in 
soil binding processes (Tisdall and Oades 1982), can be less apparent (Barto et al. 
2010). Only in the most aggressive breakdown, slaking, did we find a relationship 
between diversity and soil stability. Slaking is caused by rapid air release, which can 
result from the internal hydrophobicity and pore structure of the aggregate (Hallett 
2007). These aggregate properties are maintained by the biological activity of fungi 
and fine roots, two factors known to be greater in high diversity grasslands (De Deyn 
et al. 2010, de Kroon et al. 2012) and more extensive management systems (Yeates et 
al. 1997, Bardgett & McAlister 1999), which could explain why slaking was the only 
aggregate stability breakdown to show a significant response.
Intensive grassland management also reduced root mass and density, which often 
affect soil physical properties. The result of greater fertiliser input to grasslands can 
lead to reduced root activity through two mechanisms. The first mechanism is a 
consequence of N addition to grasslands changing the plant community 
composition, encouraging the survival of less conservative species. Plants of slower- 
growing life strategies tend to invest in woodier, higher density roots (Craine et al. 
2001), and create the greater root mass detected in the extensively managed fields of 
this study, but are less prominent in the intensively managed systems. Root foraging 
strategies in low nutrient environments explain the second pathway. Plants can
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invest in greater root length to exploit a limited resource (Hodge 2003), meaning that 
species in unimproved grasslands may need to root extensively to uptake enough 
nutrients (Gkjb and Kacrorzyk2011).
Although root traits are known to influence soil physical properties (Angers and 
Caron 1998, Gyssels et al. 2005), this experiment found few significant relationships 
between root measures and soil structural properties, aside from a negative 
relationship between soil hydraulic conductivity and root mass. High root activity is 
often regarded as having a positive effect on soil water flow (Angers and Caron 
1998), but our results prove contrary to this expectation. This might be explained by 
the fact that, in some cases, increased root mass can block voids that are potential 
hydraulic pathways (Edwards et al. 1997), particularly if there is not enough die-back 
of old root networks (Barley 1954). We suggest that the impact of root die back 
forming effective channels could be seasonal, and as we sampled in summer, there 
would be substantially more root growth to block pores. However, we only 
measured root content and hydraulic conductivity in the top 10 cm of soil, where the 
majority of roots are situated, so there is potential for these relationships to change at 
greater depth in the soil. Unlike hydraulic conductivity, soil aggregate stability 
appeared to have no relationship with any root traits properties the sites. Numerous 
studies have shown the considerable influence that root traits exert over aggregate 
dynamics (Miller and Jastrow 1990, Gyssels et al. 2005). Along with roots come 
organic exudate releases into the soil, stimulating microbial communities and 
contributing to aggregate structure (Tisdall and Oades 1982. Oades and Waters 1991). 
It is possible that the overriding influence of land management negates any
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significant effects of rooting properties on soil aggregate stability (Cambardella and 
Elliot 1992, Six et al. 1998).
Although plant diversity was related to slaking stability, the other two aggregate 
breakdown measures were related more to soil, and not plant, properties. The only 
measured variable to show a positive relationship with microcracking aggregate 
stability was soil carbon content. Soil carbon is well known to promote the formation 
of more stable aggregates, and incorporation of carbon into aggregate structure not 
only acts to increase the stability and binding mechanisms of the aggregate (Tisdall 
and Oades 1982), but also contributes to carbon sequestration (Six et al. 2000, Kong et 
al. 2005). Mechanical breakdown aggregate stability, on the other hand, was related 
more to soil textural properties, correlating with both silt and sand content of the 
soil. Mechanical breakdown is reliant on the cohesion of the aggregate, which in turn 
often depends on clay content (Le Bissonais 1996). It is therefore surprising that clay 
was the only soil size fraction not to relate to mechanical breakdown. Nevertheless, 
the largest soil fraction, sand, was negatively related to mechanical breakdown 
across sites, whereas the silt faction was positively related to this measure, 
suggesting a reliance on particle size distribution for the stability of aggregates 
against mechanical stress (Elliot et al. 1986, Six et al. 2000). Soil bulk density and 
organic matter were weakly related to soil hydraulic conductivity. Increased organic 
input to soil is often witnessed alongside a reduction in bulk density, as the mineral 
bulk soil is diluted with a less dense organic fraction. This lighter medium provides 
less resistance for hydraulic conductivity, which may explain the positive association 
with soil hydraulic conductivity.
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5.5 Conclusion
Although not significant across all fields, aggregate stability, a key measure of soil 
structural integrity, tended to be greater in extensively than intensively managed 
grassland at two sites, suggesting the benefits of extensive management for soil 
physical integrity. Also, stability against the most aggressive of aggregate 
breakdowns, slaking, increased alongside higher plant diversity, which itself was 
promoted by extensive management. Our results advance the understanding of the 
complex relationship between biodiversity-ecosystem function and soil physics. 
Moreover, this is one of the first studies to suggest the promotion of biodiversity in 
grassland management systems may have positive impacts on soil physical stability. 
However, only one of three aggregate stability measures responded to plant 
diversity, and the effect of intensive management on soil stability was not significant 
across all sites, proving that such relationships may be affected more by 
environmental controls, such as geological and climatic factors, beyond the influence 
of land management. In addition, our results are only correlative, and further 
detailed experiments are needed to separate cause from effect..
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6. General Discussion
Growing interest in biodiversity-ecosystem function (BEF) has generated a wealth of 
studies into the response of soil biological, and biochemical, processes to shifts in 
grassland biodiversity. These investigations have led to significant progress in 
biodiversity research, however, evidence of impacts on the soil physical environment 
is limited (Allen et al. 2011, Cardinale et al. 2012). The primary goal of this thesis was 
to address this gap in our knowledge and advance our understanding of the impact 
of biodiversity change on soil physical properties. Specifically, this project 
investigated the impact that a shift in plant community diversity and composition 
has over an array of soil physical processes at a range of spatial scales, ranging from 
a pot experiment, to sampling from experimental plots, to field observations. In 
doing so, several key findings emerged at either one, two, or all three different 
spatial scales within the study.
6.1 The impact of plant diversity on soil processes
6.1.1 Aggregate Stability
A major finding of this project was the strong effect that higher plant diversity had 
over soil aggregate stability. Greater aggregate stability was found in the mesocosms 
of higher species richness in chapter 3. Sampling from the longer term experimental 
plots, in chapter 4, revealed that soils under higher plant diversity exhibited greater 
soil aggregate stability. In chapter 5, even after accounting for the dominant effects of 
land management across contrasting grasslands, there was still a positive association 
seen between plant diversity and aggregate resistance to slaking. Until now, the
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positive impact of species richness over soil aggregates has only been found on a 
small plot experiment (Peres et al. 2013), or in correlative studies (Pohl et al. 2009). 
This thesis represents the first time such substantial evidence, across a range of 
spatial scales, has revealed the positive effect of plant diversity on a physical 
property of the soil. This demonstrates potential for a new direction in BEF studies, 
to begin to explore the consequences of species loss on a wider range of ecosystem 
services.
The experimental chapters (3, 4, and 5) brought to light some of the mechanisms 
behind this relationship. Species richness was the dominant diversity measure that 
impacted on aggregate stability in both chapters 3 and 4, whilst functional group 
richness had no effect in the mesocosm study, and was not as powerful a predictor of 
soil aggregate stability in the Jena experimental plot sampling. The mesocosm 
experiment also revealed that the presence of certain plant species, in this case Lolium 
perenne, had a prominent effect over the diversity impact on aggregates. Particular 
individuals, such as Anthoxanthum oderatum, can drive community effects on root 
length or fungal communities (Mommer et al. 2010, De Deyn et al. 2010), whilst 
certain legume species may greatly influence soil biochemical properties under plant 
communities (De Deyn et al. 2009), in much the same way L. perenne affected soil 
physical dynamics here. Their species traits have significant impacts on soil 
processes, and the loss of such influential species is likely to change the dynamics of 
the soil environment. To address this, it is important that we begin to identify and 
understand the effect that promoting the establishment of these key species has in 
ecosystem dynamics. In this instance, the influential species, L. perenne, is not a
species whose abundance in natural ecosystems is of concern, and, in fact, in 
diversity restoration many efforts have been implemented to reduce the abundance 
of L. -perenne. Conflicting with ecological management advice, it is somewhat ironic 
that this species, often associated with high intensive management, actually has a 
benefit for soil structural properties.
The underlying role that plants roots had in the diversity-aggregate relationship was 
evident throughout the thesis. In chapters 3 and 4, strong associations were found 
between increases in rooting activity, and more stable aggregation. The relationship 
between roots and aggregates was not, however, evident in the field sampling of 
chapter 5, suggesting that the confounding effects of other environmental factors 
have a stronger impact on soil aggregate stability than the diversity-root impacts 
found in the other chapters. Fine rooting strategies are an essential part of the 
aggregate forming process (Miller and Jastrow 1990, Gyssels et al. 2005) and form the 
cohesive basis by which aggregates resist breakdown (Le Bissonais 1996, Barthes et 
al. 2002, Six et al. 2004). The association between more extensive fine rooting 
strategies and greater aggregate stability, found in chapters 3 and 4, is consistent 
with many past studies (Mamo and Bubenzer 2001, Gyssels et al. 2005, Peres et al. 
2013). This project revealed that higher species richness induced more expansive 
rooting, and this capacity allowed greater diversity mixtures to have profound 
effects on soil stabilising processes.
Although the findings identified the substantial effects that diversity had on 
aggregate stability, there were differences detected in the responses of the three 
different forms of aggregate breakdown. Aggregate resistance to microcracking,
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caused by the gradual wetting of aggregates over time, tended to have the least 
pronounced association with plant diversity, and biological factors in general. The 
benefits of diversity to microcracking resistance were fully explained by increases in 
root length in chapter 3, microcracking showed the weakest regressions with other 
soil biological factors in chapter 4, and only correlated with soil carbon, not root or 
diversity measures, in chapter 5. Aggregate disruption through microcracking relies 
on the shrink-swell properties of the aggregate (Le Bissonais 1996), which are 
influenced more by physical factors such as clay content, rather than biological 
factors (Boivin et al. 2004). Hence, it is not surprising that aggregate microcracking 
resistance responded to plant diversity in a less pronounced manner than other 
breakdowns. As such, soils subjected to gradual wetting over time, common in UK 
winters, would perhaps be less susceptible to structural restoration strategies 
involving planting regimes, and more affected by physical maintenance strategies.
In contrast to microcracking, the diversity effect on aggregate resistance to 
mechanical breakdown had slightly more dependency on biological factors. In 
chapter 3, the diversity effect on mechanical breakdown was fully explained by 
community increases in root length. Chapter 4 revealed that resistance to mechanical 
breakdown increased through the actions of root mass, organic matter, and glomalin 
inputs to soil. However, the field study of chapter 5 did not show positive 
correlations with biological parameters, and mechanical breakdown related to soil 
textural properties only. The presence of roots enforces mechanical resistance in soils 
(Mamo and Bubenzer 2001). Any factors that promote root presence, such as 
increasing plant diversity (Mueller et al. 2013, Peres et al. 2013), will influence
mechanical breakdown of soil aggregates. However, despite being reliant on soil 
biological properties, aggregate mechanical resistance was not as profoundly affected 
by diversity in comparison to slaking breakdown.
The third aggregate stability measure, resistance to slaking, exhibited the most 
interesting responses to changes in plant diversity. It was not fully explained by 
rooting contributions alone in chapter 3, suggesting factors other than roots offer a 
contribution. Slaking resistance showed some of the strongest associations with 
biological soil properties in chapter 4, and even displayed a significant correlation 
with a diversity index in the field study of chapter 5. Slaking is often the most 
aggressive breakdown measure; and it may be that even some of the very small 
contributions to aggregation from biological inputs are easier to detect with this 
breakdown. Slaking also relies on internal aggregate properties less associated with 
microcracking and mechanical breakdown, such as hydrophobicity and internal 
porosity. Hydrophobic compounds, released by plant roots and microbial 
associations, have the capacity to influence soil water repellancy, and as such, can 
affect the wetting rates of soil aggregates (Czarnes et al. 2000, Hallett 2007). As 
mentioned, the mesocosm experiment suggests that factors other than the root 
structural properties measured could be influencing slaking resistance. Further work 
on the effect of plant diversity on aggregate hydrophobicity would prove interesting, 
as this property can play a pivotal role in aggregate disruption to slaking.
The impact of species richness on soil aggregate stability, and in particular slaking, 
suggest that diversity will have a part to play in soil management against physical 
degradation. Instances where slaking is most evident, for example under rapid
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flooding, are predicted to increase in coming years (Fowler et al. 2009, Diffenbaugh 
et al. 2013). This will exacerbate the problem, leading to dry summers and flash 
flooding — ideal conditions for slaking to occur. In the UK, agri-environment schemes 
have been implemented in order to promote plant diversity, associated with the 
consequential benefits to invertebrate and animal diversity, and soil biological status. 
The evidence presented here provides scope for additional positive effects of 
biodiversity on ecosystem processes under threat -  this time for soil structural 
stability.
6.2.2 Soil Hydraulic Conductivity
The impacts of plant community composition on saturated hydraulic conductivity 
were less pronounced than for aggregate stability. There was a tendency for greater 
plant species richness to increase hydraulic conductivity in the mesocosms of chapter 
3, although this proved not to be significant to the 95% confidence limit. The 
presence of legumes within mixed communities did increase hydraulic conductivity, 
which will be discussed later. In the two chapters investigating soil hydraulic 
responses, it was evident that root mass in the soil had a significant effect on 
saturated hydraulic conductivity. Sparser rooting legumes benefitted saturated 
hydraulic conductivity in chapter 3, whilst chapter 5 found a negative association 
between root density and saturated hydraulic conductivity. In the long term, rooting 
activity increases soil water flow, as growth and die-back form hydraulically 
effective channels (Macleod et al. 2013). However, this process relies on the balance 
between root growth and root senescence (Barley et al. 1954), and as such, will 
experience temporal fluctuation. The negative effect of increased rooting on
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hydraulic conductivity detected here is possibly a response to the time frames of both 
experiments. The mesocosm experiment of chapter 3 may have been on too short a 
timeframe to incorporate enough root dieback, whilst the field sampling of chapter 5 
was conducted in summer, when root growth is at an optimum in the soil, 
potentially obstructing pore space.
6.1.3 Root reinforcement of soil strength
Unlike soil aggregate stability or saturated hydraulic conductivity, plant species 
richness had no relationship with the soil strength properties measured. Root mass 
and plant identity in monocultures did improve strength properties, however, these 
were not through a contribution of any plant diversity factors. It is not surprising 
that thick roots, and thicker rooting species, provided more root reinforcement to 
soil. The increased anchorage allows the soil structure to withstand stress (Coppin 
and Richards 1990, De Baets et al. 2008, Loades et al. 2010), and as such, we found the 
grassland plant with the thickest roots, Lotus corniculatus, to have the greatest effect 
on soil strength. Although roots from grassland species such as this may only have 
an influence on the top 10 to 30 cm of soil (Comino et al. 2010), they may still hold 
relevance in a wider environmental context. In recent years, increased water 
saturaton in the UK has resulted in an ever present threat of shallow landslips to 
disrupt roads and erode riverbanks (British Geological Society 2013). Finding a 
British grassland species with strengthening properties, like Lotus corniculatus, may 
play a role in increasing root reinforcement in vulnerable grassland areas. In fact, 
recent work by Macleod et al. (2010) has begun to explore the role of single grassland 
species, such as this, in grassland hydrology
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6.1.4 Diversity impacts on soil biological properties
Although the principal aim of this study concerned soil physical properties, several 
of the biological parameters measured throughout the experiments also responded to 
changes in plant community composition.
Until recently, most biodiversity-ecosystem function studies have focused on the 
response of aboveground plant properties to shifts in diversity. This thesis, therefore, 
contributed to the growing evidence on the influence of plant diversity to root 
properties (de Kroon et al. 2012, Mueller et al. 2013). In chapter 3, the mesocosm 
experiment, species richness increased plant community root length, whilst 
functional group richness increased root mass. Plots of higher species richness in 
reported in the Jena sampling of chapter 4, displayed greater root mass. Non- 
intensively managed, botanically diverse, grassland fields in chapter 5 had more 
extensive root networks in the soil. As discussed previously, these increases in root 
properties of the soil explained much of the plant community composition influence 
over soil physical properties. Although the intensification of grassland management 
has long been associated with declines in grassland botanical diversity (Klimek et al. 
2007, Kirkham et al 2014), few studies have investigated root responses to grassland 
management (Gl^b and Kacrorzyk 2011), such as in chapter 5. With less nutrient 
input to soils, plants have to invest more in rooting structures, in order to maximise 
nutrient uptake (Hodge 2003), resulting in this extensive root network in lower 
nutrient environments.
Few studies have investigated the impact of higher plant diversity on the levels of 
glomalin-related protein in the soil. In chapter 4, greater species, and functional
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group, richness improved the levels of glomalin-related protein in the soil. Glomalin 
levels in soil are a consequences of fungal wall degradation, from mycorrhizal 
communities (Wright and Upadhyaya 1998, Driver et al. 2005) At the Jena 
experiment where glomalin was measured, increased diversity has driven changes in 
these microbial communities (Lange et al. 2014). This may have lead to cascading 
effects on the soil aggregate stability, as this often correlates with the strong, and 
persistent, aggregate-binding capacities of glomalin. A relatively recent discovery, 
glomalin is gaining ever more attention as a potentially crucial soil property for 
carbon storage and structural stability (Rillig et al. 2002, Driver et al. 2005) reinforced 
by the findings here.
6.2 Plant Identity and Function
In comparison to forbs and legumes, grass species were influential in the stabilisation 
of soil aggregates throughout the project. In mesocosm monocultures, grass species 
exhibited the highest aggregate stability, and their presence increased aggregate 
stability in the Jena experimental plots. Their fine and expansive rooting networks 
allowed for this effect on aggregation, increasing the area of influence that plants and 
biological factors have over aggregates. In the mesocosm experiment of chapter 3, the 
prominent grass species, Lolium perenne, showed very pronounced effects on 
aggregation because it rooted far more exploitatively than the other species used.
Legumes exhibited contrasting behaviour to grasses. In chapter 3, their presence 
benefited hydraulic conductivity in 2-species mixtures, but showed poor aggregate 
stability in monocultures. The mesocosm experiment also found legumes to 
contribute the least root length to soil. In chapter 4, their presence in plots had a
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negative effect on soil aggregate stability, which was found to be a result of a 
decreased rooting input to the soil. One legume species, Lotus corniculatus, had a 
strong impact on soil strength, due to its thick anchoring roots, but this effect was 
only evident in monocultures and not mixtures. This disparity between legumes and 
grasses, as a function of their contrasting root strategies, proved an interesting aspect 
of the project. Much as clover seeding is employed in grasslands to benefit nitrogen 
input to soils, and increase the nutrient content of swards, these results reveal that 
there may be effects of clover seeding for other ecosystem processes. Although 
anecdotal evidence indicates that clover should be planted to increase soil friability, 
in effect 'breaking up' clay soils to improve infiltration (Mytton and Creswell 1992), 
there is very little experimental evidence to reinforce this. This thesis, however, 
revealed that legume species can benefit water flow into soils, reinforcing this 
anecdotal evidence. The reductions in aggregation under legume species found in 
this study may also be explained by these management practices -  poor aggregate 
stability will be displayed in instances of greater soil friability.
6.3 Conclusion
This thesis contributes new insight into the study of biodiversity and ecosystem 
functioning, by investigating the effects that shifts in plant community composition 
can have on a range of soil physical properties in temperate grassland communities. 
Plant species richness was found to have strong effects over soil aggregate stability. 
This represents the first time such a relationship has been revealed at a range of 
scales, and provides valuable insight into a new direction for biodiversity-ecosystem 
function studies. Plant functional group and species identity also impacted on soil
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strength and hydraulic regimes, with legumes and grasses displaying contrasting 
behaviour. The impact of changes in rooting structure, and their associated inputs to 
the soil, played a significant role throughout all of these relationships. This study 
suggests potential implications for grassland management, whereby promotion of 
more diverse plant communities could benefit soil resistance to breakdown during 
flood events, whilst the seeding of legumes or grasses may have important 
consequences for soil aggregation and water dynamics.
6.4 Future Work and Challenges
This thesis advances our understanding of the role of biodiversity in maintaining soil 
physical structure. However, it also highlighted several questions and challenges that 
would provide interesting future work.
The influence of L oliu m  perenne on soil aggregate stability
The most influential soil-aggregating species was Lolium perenne. Lolium perenne is 
regarded as an exploitative species, responding to high nutrient levels in soils and 
out-competing many other graminoid species. The presence of this species in 
grasslands is often associated with less botanically diverse plant communities, which 
are often regarded to be detrimental to a number of ecosystem biochemical processes 
(Allan et al. 2013). It is therefore interesting to find it having distinct benefits for soil 
aggregation, whereas the plant community investigations of this thesis found that 
higher diversity communities provide better environments for soil aggregation.
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It would be interesting for further work to weigh up the trade-off between the 
presence of this species, as an indicator of less diverse communities, on soil stability, 
against the benefits that higher diversity communities have on aggregate stability.
The different effects on soil physical properties under grass and legume 
communities
The contrasting aggregate, hydraulic, and strength properties displayed between 
grasses and legumes were evident throughout the thesis. Whilst densely rooting 
grasses exploited soil space and increased soil aggregate stability, legumes showed 
less influence over aggregates, but increased soil water flow and strength properties.
Legumes are widely regarded for enhancing soil biogeochemical processes, due to 
their role in nitrogen-fixation (Spehn et al. 2002, D Deyn et al. 2009). These 
characteristics have lead them to often be incorporated into agricultural management 
regimes, for example in the instance of clover seeding of grazed pasture (Mytton et 
al. 1992). As such, the widespread growing of legumes, such as clover, across the UK 
and Europe lends itself as a platform for the measurement of soil physical processes 
under these plant types.
In this thesis, plant surveys were used in conjunction with an array of soil physical 
measures to investigate links between community composition and physical 
properties in 10 sites across Northern England. If the detail of the survey was scaled 
down to percentage legume/percentage grass cover, there is potential to enlarge the 
experiment to incorporate a larger number of study sites investigating grass/legume 
dominance and aggregation and hydrological patterns.
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Further investigation into the role of community composition on root dynamics
As discussed in Chapter 1, the response of belowground processes to Biodiversity - 
Ecosystem Function dynamics has been much underlooked in comparison to the 
response of aboveground properties (Isbell et al. 2011, Cardinale et al.2012). We 
know far more about plant community composition effects on aboveground biomass 
over yielding, nutrient composition and food webs, than we do about the dynamics 
below the soil surface. As this project had revealed, many soil physical properties 
respond significantly to differences in belowground plant structures.
The spotlight of BEF research is beginning to focus on the response of root traits 
(Monmer et al. 2010, Mommer et al. 2011) to biodiversity shifts. However, analysis of 
root properties is more labour intensive and requires greater accuracy of species 
identity in order to determine sufficient results. As such, the development of 
technologies to assist root identity within mixed plant community assemblages, such 
as spectroscopy (Rewald and Meinen 2013), may play a role in this process.
The next scale down
In this study, the smallest scale of analysis was at the mesocosm level. This 
incorporated mixtures of 32 plant individuals, which was a scale deemed suitable in 
order to incorporate enough representation of plant community dynamics within the 
soil.
However, even at this relatively small scale, there were some trade-offs that were 
made. The large number of roots that occupied the soil matrix made single species
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identity of roots an impractical task. As such, relative growth of root traits per 
species could only be inferred by using monocultures to extrapolate.
It is possible that whole root networks of single species within a community could be 
investigated at a smaller scale -  perhaps the microcosm scale. By growing 2-species 
assemblages in small containers (e.g. ~ 5cm diameter), it would still be feasible to 
analyse the entire root structures beneath a community, and in large part separate 
out root structures to each individual species (Baxendale et al. 2014). Although it may 
reduce 'community7 effects, scaling down to an experiment of this size may allow us 
to investigate the dynamics between species interactions, roots, and physical 
properties with greater accuracy.
Why is slaking the aggregate measure that is most influenced by plant community 
dynamics?
Aggregate stability under slaking was the most pronounced stability measure to be 
affected by plant diversity. As such, it would be interesting to develop a study to 
investigate the effects of greater species richness on some of the mechanisms behind 
slaking. As slaking is reliant on the internal pore space and wetting capabilities of 
aggregates, perhaps looking at aggregate wetting rates and hydrophobicity could 
provide a valuable insight. It may be possible that altering the species composition of 
a community aboveground could be affecting the hydrophobic nature of a soil, as a 
result of changes in the exudation regimes and behaviour of rooting structures 
(Indeijit and Weston, 2003). This would, in turn, be impacting on the nature of 
aggregate disruption via slaking. In effect, hydrophobicity could be another 'soil 
physical response' added to the range of parameters looked at in this thesis. A
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hydrophobicity investigation could even be set up using the same experimental 
designs as those in this thesis.
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